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FORE WORD

This is the final report ýovering the work performed by the General
Electric Company for the United States Air Force under Contract No. AF 33
(616)-5281 entitled "Thermopile Generator Feasibility Study.,, This program
was carried out by several components within the Company under the overall
cognizance of the Aircraft Accessory Turbine Departnmnt. The contract was
administered under the direction of the Aeronautical Accessories Laboratory
of the dright Air Development Center, (presently called Flight A~cessories
Laboratory, Wright Air Development Division) Wright-Patterson Air Force
Base, Ohio. Lt. R. G. Leiby was Task Engineer during the early part of the
contract, and Mr. R. N. Cooper acted as Task Engineer during the remaining
portion.

The report is written in four parts, of which this is Part II. It
covers the entire period of the contract, from 1 July 1957 through 31 March
196o.

In addition to the editor of Part II and the authors of the various
appendices, Dr. R. H. Vought contributed materially to the writing of this
part of the report.
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ABSTRACT

This report contains a detailed description and summary of a research and
development study to determine means of employing thermopile generators as sources
of electrical power in future air and space weapon systems. The following major
areas of work were involved: 1) Materials development, 2) Junction fabrication
and test, 3) Thermoelectric generator applications studies, and 4) Thermoelectric

generator design.

The report consists of four parts as follows:

Part I - Summary - This presents an over-all summary of the entire
program.

Part II -Materials Investigations - This contains the details of the
work on materials development.

Part III - Performance Studies - This presents in detail the work on junction
thermoelectric generator applications studies as
well as the more general aspects of thermoelectric
generator design.

Part IV - Generator Design - This contains the details of the work on
fabrication and test and thermoelectric generator
design for specific applications.

This is Part II of the report and contains detailed descriptions of the
investigations carried out on various classes of materials and on instrumentation for
measuring material properties. These descriptions are in the form of a series of
appendices, each covering a separate aspect of the investigations.
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INTRODUCTION

In this part of the report, we have collected the primary source material

for the work done under the materials investigations section of the contract.

This consists of the reports prepared by those who did the actual work on each

task. All of the material presented here has appeared previously in the form of

exhibits attached to the Technical Progress Reports which were submitted during

the course of the contract, and the only alteratioxis which have been made have

been in the format, to obtain uniformity. Duplications and redundancies have

been avoided as far as possible, but some do exist because we have included the

whole text of each report which contained significant material that was not

presented elsewhere, whether it also contained information included in other

reports or not.

Items and materials used in the study, and called out in the four parts

of this report by trade name or specifically identified with a manufacturer, were

not originated for use in this specific study or for the applications necessary to

6' this study. Therefore, the failure of any one of the items or materials to meet

the requirements of the study is no reflection on the quality of a manufacturer's

product. No criticism of any item or material is implied or intended. Nor is

any indorsement of an item or material by the United States Air Force implied

or intended.

LManuscript released August 1960 for publication as a Technical Report.
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APPENDIX A - METALLIC MATERIALS FOR THERMOPILE GENERATORS

John P. Denny September, 1957

Metallic materials have been surveyed for potential applicability in thermopile
generators. Primary emphasis has been placed on those metals and alloys having a
large thermoelectric power, since the efficiency of a generator is directly propor-
tional to the thermoelectric power in ac U-r7,nce with the following three relation-
ships previously discussed by D. L. Kerr

•k (A-l)

where Z is the "figure of merit"
oCis the thermoelectric power in microvolts per degree Kelvin
10 is the electrical resistivity in ohm-cm
k is the thermal conductivity in watts per centimeter per degree

Kelvin

M JF+ 1/2 Z (T1 + T2 )1 (A-2)

where M is the optimum resistance ratio

T is the hot junction temperature in degrees Kelvin

T2 is the cold junction temperature

T1_-_T M-l

Y opt T T1  TM+ 2 (A-3)
T1 M + T-2

T1

where Yýopt is the optimum efficiency.

It is instructive to first consider those elements in the periodic table for
which the quantities (, p , and k are known. These are presented in Table A-i
in ascending order of thermoelectric power, with all thermoelectric quantities
referred to platinum at 0°C. The elements silicon and tellurium are respectively
at opposite ends of the table, silicon having a thermoelectric power of -367 micro-
volts per 0C and tellurium exhibiting +526 microvolts per 0C.

The last column of the table presents values for the Wiedemann-Franz-Lorenz
constant. The Wiedemann-Franz-Lorenz relationship is

-8
/ok - (2.45) (10" )T

where T is the absolute temperature and the constant (2.45) (10 -8) is the Wiedemann-
Franz-Lorenz value. Most metals and alloys obey this relationship with small devia-
tions. The theoretical basis for the relationship is the electronic nature of both
electrical and thermal conductivity in metals.

[ WADD TR60-22, Pt. II 3



The form of equation (A-i) shows that the Lorenz constant should be as low as
possible. Eyamination of Table t-i shows that indium (0.73)(10- ), iridium
(1.06)(10-8), rhodium (1.40)(10" ), and cobalt (1.47)(10") showmaximumdeviation
in the optimum direction.

Concurrently equation (A-1) contains the thermoelectric power squared, and
the most significant changes in figure of merit can be effected by variations in
the thermoelectric power. Table A-2 presents the figure of merit of those elements
which are thermoelectrically negative with respect to platinum, and Table A-3
presents the therm~electrically positive, elements. Bismuth (.47)(10"3) and
antimony (.29)(10 ) are the most attractive. From the itandpoint of those elements
whic are strictly metallic in nature, cobalt (.072)(10- ) and molybdenum (.11)
(10") are best.

Using the equation (A-1),

(Oxp + Cn)2

nfi(A-4)

figures of merit for junctions made from these elements are as follows:

Junction Figure of Merit (o1)

Bi-Sb (0.38) (103)
(Bi-Pt (0.13) (10_3)Co-Mo (. 094')(10 •

Improvements in the figure of merit are possible by allovin, as evidenced(A-)by the reported figure of merit for Zn Sb-Bi Sb of (1 (10-3) 9I.

The search reported herein has been directed primarily toward metallic systems.
In general, semi-conductors are superior from the figure of merit standpoint, and

Smetals and ceramics permit higher operating temperatures leading to potential gains
in efficiency and power.

Table A-4 summarizes the thermoelectric power of metallic systems uncovered in
the present search. Certain systems exhibit minima and others exhibit maxima over
the composition range. The location of the minimum or maximum value in four
metallic systems is defined approximately by an electron:atom ratio of 3:5.

System Inflection Point Electron:Atom Ratio
(Atomic%)

Ni-Cu 45 Ni 55 Cu 2.75:5
Ni-Cr. 90 Ni 10 Cr 3:5
Ni-Mo 85 Ni 15 Mo 4.5:5
Au-Pd 45 Au 55 Pd 2.25:5

WADD TR60-22. Pt. II 4



The two metalloid-containing systems (Zn-Sb and Cd-Sb) exhibit inflection
points at an electron to atom ratio of 19:5.

Theoretical or other means by which the inflection points may be predicted
are not known. On the basis of the 3:5 ratio, the optimum atomic compositions in
the Fe-Al and Au-Ni systems should be 80 Fe 20.A1 and 60 Au 40 Ni.

Table A-5 presents thermoelectric data on vari 3us alloys. Maximum figures of
merit in thi table are 60 Au 40 Pd (0.24-0.33 x 10 ) and 79 Ni 20 Mo 1 Mn
(0.27 x 10 ).

In calculating these values and most other Z values, the .k product has been
assumed to be equal to the &k product of the major constituent. This assumption
introduces small errors but is reasonable as evidenced by the following data from
the system iron-nickel.

P k
Alloy obhm- cm watts/c7mK_

100 Ni 6.84(10-6 .921 (2.34) (10-6)

50 Ni 50 Fe 484(10-6) .134 (2.19) (10.)
30 Ni 70 Fe 82(106) .0921 (2.58)(10 6

25 Ni 75 Fe 48(10 ) .134 (2.19) (10
100 Fe 9.71(10-) .754 (2.50)(10 )

Ingersoll(A- 2 ) reports the following data for iron-nickel alloys referred to
copper. The polarity of the thermoelectric power is not clear from his work. If

the alloys are positive to copper, the couple 47.1 Ni-52.9 Fe produces a thermo-
electric power of 50.1 microvolts/ 0 C, which is higher than any alloy reported in
Table A-5. This should be confirmed experimentally.

Thermoelectric Power
Against Copper 0-96 C

Alloy Microvolts/°C

21.0 Ni 79.0 Fe 23.5
22.1 Ni 77.9 Fe 21.0
26.4 Ni 73.6 Fe 16.7
35.1 Ni 64.9 Fe 9.8
40.0 Ni 60.0 Fe 22.4
45.0 Ni 55.0 Fe 29.0
47.1 Ni 52.9 Fe 31.9

Primary sources of data in the tables are given in references (A-3) through
(A-8). The contributions of M. E. Ihnat of the Instrument Laboratory were very
significant and are gratefully acknowledged.

Various methods have been considered for improving thermoelectric power over
and above the values given in the table.

SWADD TR60-22, Pt. II
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One method is to utilize thermoelectric error resultant from cladding of a
surface. Using equations developed in reference (A-9), it is possible to increase
the output of an alumel-chromel thermocouple at 400 F/32 F from 8.31 my to 11.91 mv
by cladding the alumel with bismuth and the chromel with antimony. The primary
advantage of such an approach is the elimination of bismuth to antimony or similar
junctions. If separate junctions can be made, they are preferable from the stand-
point of total thermoelectric power.

Alloy development is a very fertile field. Most data reported in the litera-
ture pertains to thermocouples, and linearity is a requisite in such an application.
In the thermoelectric generator on the other hand, one is primarily concerned with
the emf which can be developed under a given set of operating conditions, and
numerous metallic systems have not been studied.

SWADD TR60-22, Pt. II 6
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TABLE A-2

THERMDELECTRIC MATERIALS NEGATIVE TO PLATINUM

Thermoelectric Power

Range of Figure of Merit

Een Thermoelectric (X 2
Elements Measurement Microvolts/°C (Ok (OKp)

1. Bi 0-200 C -67.85 .47(10" )

2. Co 0-8000 C -17.5 .072(10" )

3. Pd 0-1500°C -15.2 .030(10- )

4. Ni 0-ll00°C -12.4 .024(10-3'

5. Li 0-100 C -11.2 .019(10- )

6. Ca 0-3000 C -6.2 .0070(10 -3)

7. Hg 0-200 C -6.65 .0055(10-3 )

8. Si 0-300°C -367 .0019(103 )

WADD TR60-22, Pt. II 9
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TABLE A-3

ELEMENTS THERMOELECTRICALLY POSITIVE TO PLATINUM

Thermoelectric Power
Figure of Merit

Ran~ge of .1(1
Thermoelectric 6 0 2  o 1

Elements Measurement Microvolts/ c (° ki)

1 . Sb 0-600°C +48.1 .29(10- )

2. Mo 0-12000C +30.8 .)I(10-3

3. W 0-1200 C +31.5 .090(10")

4. Ir 0-1500°C +15.0 .072(10-)

0 -3

15. Rh 0-1500°C +16.9 .069(10")

16. Au 0-1000OG +17.09 .053(10")

0 -3

17. Cu 0-1000 °C +18.2 .050 (0)

8. Ag 0-9000 C +18.9: .049(10- 3)

0 -3

9. Ta 0-1200°C +17.8 .043(10-)

10. Fe 0-1000 C0 +14.64 .029(10- )

0 -3

11. Cd 0-300°C +14.1 .029(10-3

13. In 0-100°C + 6.9 .022(10")
14. Ti 0- 900°0C +12.8 .020(10 -3)

0~- 3

15. Re 0-1200°C +14.0 .013 (10-3

16. Al 0-600°0C + 8.6 .012 (10"3)

17. K -200 - 090 + 8.05 .0094(10-3 )
18. Tl 0-300°C + 7.2 .0080(10-3 )
19. Pb 0-300°O + 6.37 (.0057) (10- 3)

20. Mg 0-200 C + 5.5 (.0050)(10 -3)

21. Na -200 - 0°0 + 5.0 (.0041)(10-3 )
22. Sn 0-200°C +5.35 (.0033)(103 )
23. Ge 0-3000 C +306 (.0016)(10"3)

0 -3
24. C 0-11000a +17.7 (.0000946)(10")

WADD TR60-22, Pt. II 10
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TABLE A-4

THERMOELECTRIC PROPERTIES OF ALLOY SYSTEMS
(Pt - Reference Junction)

Sn-Pb Sn-Cu

(0 - 1000C exp. range) 0 - 100 0 C exp. range)

Wgt. % NMcrovolts/ 0 C Wgt. Microvolts/°C

0 Sn 100 Pb +4.4 0 Sn 100 Cu +7.6

10 Sn 90 Pb +4.4 10 Sn 90 Cu +5.3

20 Sn 80 Pb +4.4 20 Sn 80 Cu +5.6

30 Sn 70 Pb +4.4 30 Sn 70 Cu +6.5

40 Sn 60 Pb +4.5 40 Sn 60 Cu +6.5

50 Sn 50 Pb +4.5 50 Sn 50 Cu +6.9

60 Sn 40 Pb +4.4 60 Sn 40 Cu +7.2

70 Sn 30 Pb +4.4 70 Sn 30 Cu +6.2

80 Sn 20 Pb +4.3 80 Sn 20 Cu +5.4

90 Sn 10 Pb +4.2 90 Sn 10 Cu +4.8

100 Sn 0 Pb +4.2 100 Sn 0 Cu +4.2

Au-Ag Au-Pd

(0 - 100°C exp. range) (0 - 100 0C exp. range)

Wgt. % Microvolts/ 0 C Wgt. 7 Microvolts/°C

100 Au 0 Ag +7.4 0 Au 100 Pd -5.7

90 Au 10 Ag +5.5 10 Au 90 Pd -8.5

80 Au 20 Ag +4.8 20 Au 80 Pd -12.5

70 Au 30 Ag +4.7 30 Au 70 Pd -14.2

60 Au 40 Ag +4.7 40 Au 60 Pd -16.9

50 Au 50 Ag +4.8 50 Au 50 Pd -24.4

40 Au 60 Ag +4.9 60 Au 40 Pd -29.7

30 Au 70 Ag +4.9 70 Au 30 Pd -26.3

20 Au 80 Ag +5.0 80 Au 20 Pd -4.6

10 Au 90 Ag +5.9 90 Au 10 Pd -0..

0 Au 100 Ag +7.8 100 Au 0 Pd +7.8

WADD TR60-22, Pt. 11 11
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I
TABLE A-4 (Oont'd.)

Zn-Cu

(0 - 1000C exp. range) (0 - 100 0 C exp. range)

Wgt. Microvolts/ 0 0 Wgt. % Microvolts/°C

0 Zn 100 Cu +7.6 0 Ni 100 Cu +7.6

10 Zn 90 Cu +5.4 10 Ni 90 Cu -26.3

20 Zn 80 Cu +5.3 20 Ni 80 Cu -30.8

30 Zn 70 Cu +5.4 30 Ni 70 Cu -35.4

40 Zn 60 Cu ij.l 40 Ni 60 Cu -40.3

50 Zn 50 Cu +5.4 50 Ni 50 Cu -36.4

60 Zn 40 Cu +4.7 60 Ni 40 Cu -30.6

70 Zn 30 Cu +8.7 70 Ni 30 Cu -25.4

80 Zn 20 Cu +6.6 80 Ni 20 Cu -24.9

90 Zn 10 Cu +9.8 90 Ni 10 Cu -19.3

100 Zn 0 Cu +7.6 100 Ni 0 ou -14.8

Sn-Bi Sb-Cd

(0 - 1000C exp. range) (0 - 1000C exp. range)

Wgt. 7. Microvolts/ C Wgt. 7 Microvolts/°C

0 Sn 100 Bi -73.4 0 Sb 100 Cd +9.0

10 Sn 90 Bi +40.0 10 Sb 90 Cd +15.2

20 Sn 80 Bi +35.2 20 Sb 80 Cd +28.8

30 Sn 70 Bi +25.6 30 Sb 70 Cd +64

40 Sn 60 Bi +21.0 40 Sb 60 Cd +122

50 Sn 50 Bi +17.7 50 Sb 50 Cd +231

60 Sn 40 Bi +11.4 60 Sb 40 Cd +444

70 Sn 30 Bi +9.5 70 Sb 30 Cd +215

80 Sn 20 Bi +7.8 80 Sb 20 Cd +128

90 Sn 10 Bi +6.0 90 Sb 10 Cd +81

100 Sn 0 Bi +4.2 100 Sb 0 Cd +48.9

WADD TR60-22, Pt. II 12
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TABLE A-4 (Cont'd.)

Sb-Bi

-(0 - 100 C exp. range)

wgt. % Microvolts/°C

0 Sb 100 Bi -73.4

10 Sb 90 Bi -88.2

20 Sb 80 Bi -73.1

30 Sb 70 Bi -56.6

40 Sb 60 Bi -40.5

50 Sb 50 Bi -25.1

60 Sb 40 Bi -10.6

70 Sb 3I, Bi +3.2

80 Sb 20 Bi +17.9

90 Sb 10 Bi +33.1

100 Sb 0 Bi +48.9

Ni-Cr Ni-Mo-Cr

(2-00Cexp. range) (25-10000C exp. range)

Wgt. % Microvolts/° C Wgt. 7 Microvolts/°C

99.6 Ni, 0 Cr, 0.4 Mn -12.9 Ni, 5 Mo, 9.4 Cr +30.7

97.6 Ni, 2 Cr, 0.4 Mn +15.6 Ni, 10 Mo, 8.9 Cr +30.2

94.6 Ni, 5 Cr, 0.4 Mn +28.6 Ni, 15 Mo, 8.4 Cr +28.4

89.6 Ni, 10 Cr, 0.4 Mn +32.0 Ni, 18.8 Mo, 5 Cr +30.0

84.6 Ni, 15 Cr, 0.4 Mn +2.7.8 Ni, 17.8 Mo, 10 Cr +25.2

79.6 Ni, 20 Cr, 0.4 Mn +22.9 Ni, 13.8 Mo, 3.2 Cr +35.0

Chromel P (nominal
90 Ni 10 Cr) +32.7 Ni, 6.9 Mo, 6.6 Cr +33.9

76.2 Ni, 19.1 Cr, 4.8 Al +17.0

76.2 Ni, 19.1 Cr, 4.8 Si +17.9

WADD TR60-22, Pt. II 13



TABLE A-4 (Cont'd.)

jNi-'Mo Fe-Mo

(25-10000C excp. range) (25 - 10000C exp. range)

Wgt. 7% microvolts/ 0C wgt. 7. Microvolts/ 0V

Ni, 5 Mo, 1 Mn +6.5 Fe, 1 Mo, 1 Mn +14.6

Ni, 10 Mo, 1 Mn +29.0 Fe, 7 Mo, 1 Mn +20.8

Ni, 16 Mo, 1 Mn +35.7

Ni, 20 Mo, 1 Mn +41.0

Ni, 20 Mo, 3 Mn +29.2

Ni, 20 Mo, 5 Mn +30.4

Ni, 25 Mo, 1 Mn +38.9

Ni, 30 Mo, 1 Mn +38.4

Zn-Sb

(0-4000C exp. ran-ge)

0
Wgt. %. microvolts/ C

30 Zn 70 Sb 225

36 Zn 64 Sb 265

38 Zn 62 Sb 246

40 Zn 60 Sb 230

43 Zn, 56.5 Sb,
0.5 Al 210

45 Zn, 54.5 Sb,
0.5 Al 144

WADD TR6O-22, Pt. 11 14
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APPRNDIX B - POWER PER UNIT VOLUME

John P. Denny August 1958

INTRODUCTION

A mathematical equation relating to power per unit volume is used in the text
of this report, and will be referred to again in subsequent reports. For reference
purposes, the equation is derived in the following.

DERIVATION OF POWER PER UNIT VOLUME' RELATIONSHIP

Hot (T1 )
----------

S~Cold (T2) _•.Cold (T2)

Consider the above thermoelectric generator configuration, wherein thermoelec-
tric elements "p" and 'n" are one centimeter long with respective cross-sectional
areas of A and A.

p n
Let 0p = thermoelectric power of positive element

( = thermoelectric power of negative element

"T1 hot junction temperature
T= cold junction temperature

RE external load resistance
M R - internal resistance

p resistivity of positive element

?n resistivity of negative element

P - power output I2 RE loss in external circuit

2
E R

(RE + R1)
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pm n + c)2 (TI - T 2 )2 RE
(R. R .p

S(CC +o)2 (T1 - T2) W-

REI
2RI

n1 2I (xn +d.)2 (Tl .T 2 )2

Sm + i) (R1)

IConsidering that internal losses are in the thermoelectric elements only:

S(O(n + pcc ) 2  (T1 " T2) 2  m
i P ml

(m. +1)2 1 + n)A n

By taking the partial derivative of this equation with respect to m and equating
the result to zero, maximum power output results at m = M. Maximum power per unit

v a henA np.F
volume occurs when D Then since 1i

p n p
P 1 (Cn ÷p) (TI " T2)2

V t ax 4 (7PZ + An) (An +A)
A p A npp n

1 (CC n +cp)
2 (T - T2 ) 2

4 A A(Op -.a. + n ,,n P. p

p n

i(C.n +0() 2 (T 1 - T2) 2

4
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p (Cn + m p) 2 (Ti " T2 ) 2

max ---I+ rn+jfi~ '+ p
1 (Mn -+ (cp)2 (T 1 -T 2 )2

I (A D -n2+ P) 2
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APPENDIX C - THRIELECIC _.mn METALLIC ALYS AM TANSITION
HYDRIDES ...

John P. Denny July 1958

INTRODUCTION

The purpose of this appendix is to present details of experimental work
conducted on the systems nickel-tungsten and palladium-hydrogen, and to present a
tabular summary of the thermoelectric properties of other metals and alloys as de-
rived from the literature.

NICKEL TUNGSTEN ALLOYS

Based on periodic table relationships and electron: atom ratios, it was pre-
dicted- 1 ) that the system nickel-tungsten would exhibit a maximum in a plot of
thermal e.m.f. versus composition. Experimenta data obtained in the present study,
coupled with data derived from the literaturesc-Ž) confirm this hypothesis. The
system nickel-tungsten bears a striking thermoelectric similarity to nickel-chromium
and nickel-molybdenum, as subsequently shown in Figure C-3.

It is pertinent that W, Cr, and Mo all lie in the same vertical row of the
periodic table (Group VIa).

Three nickel-tungsten alloys, of nominal composition 87 Ni 13 W, 81 Ni 19 W,
and 74 Ni 26 W, were processed into .025 inch wire. The alloy constituents were
arc melted in an inert atmosphere and cast in the form of ingots, following which
the materials were homogenized, swaged, drawn to the desired diameter, and annealed
twenty minutes in hydrogen at 1000°C. Thermal e.m.f. measurements in hydrogen*
were then made using nickel as the second element of each thermocouple. Nickel
versus 82 Ni 18 Mo was used as the reference couple; this couple is used in a num-
ber of General Electric industrial heating furnaces for temperature control in hy-
drogen atmospheres. Standard tables covering the range 0-1300oC are available.
The reference couple used was also checked against an iron-constantan couple and
agreement was obtained within 0.7 millivolts (150 C) over the temperature range
0-10000 C.

Results of the e.m.f.-temperature measurements, converted to a platinum
reference junction, are presented in Figure C-1. The thermoelectric powers of the
nickel-tungsten alloys are inferior to that of Ni 18 Mo, with values over the range
0-10000 C as follows:

Thermoelectric Power (0-10000 C)
Alloy Microvolts perOC

82 Ni 18 Mo +38.4
74 Ni 26 W +34.9
81 Ni 19 W +29.9
87 Ni 13 W +21.2

*Hydrogen is here used to prevent oxidation. Molybdenum, Nickel, and Tungsten do
not form hydrides, and H2 solubilities are very low.
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Figure C-1: Thermal EMF versus Temperature of Alloys Referred
to Platinum.

(1) 827 Ni + 187 Mo (3) 817 Ni + 197. W
(2) 74% Ni + 267% W (4) 877. Ni + 13% W
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Concurrently, the 74 Ni 256 W alloy can be used at slightly higher temperatures
than 82 Ni 18 Mo (1400 0C in hydrogen as opposed to 1300 C in hydrogen). Should it
be possible to use 14000 C in the final generator, the merit of the two materials
would be reversed.

Resistivity measurements were made on each of the alloys by passing 0.5 am-
peres through the alloy wire and measuring the voltage drop across a ten inch
length. The specimens were contained in a furnace at consecutive constant tempera-
tures, and purified nitrogen was passed through the furnace at a rate of four
liters per minute to minimize oxidation. Results are presented in Figure C-2,
and in the following tabulation.

Resistivity of Alloys Microhm cm

AlloX Temperature (°C

23 200 400 600 800 1000

82 Ni 18 Mo 84.9 88.5 93.6 97.9 102.1 109.6
74 Ni 26 W 74.4 78.6 86.1 91.1 98.6 105.3
81 Ni 19 W 49.9 56.0 64.0 71.1 80.3 90.1
87 Ni 13 W 38.9 47.4 52.4 62.4 69.9 80.6

aL2
Using the parameter -- which relates to power per unit volume, Ni 18 Mo has

marginal advantages over 4i 26 W and is considerably better than Ni 19 W or Ni 13 W.

Figure C-3 illustrates the previously discussed maxima observed in the systems
Ni-Cr, Ni-Mo, and Ni-W. Increasing atomic weight shifts the location of the maxima
to more highly alloyed compositions: thus the Ni-W maximum is at approximately 26%
W whereas the Ni-Cr maximum is at approximately 10% Cr.

PALLADIUM HYDROGEN

Holmes(C' 4 ) has previously studied the system Pd-H over the temperature range
2Jk-2 80°C. He reports a large deviation from linearity over this temperature range,
rdropping from -7 microvolts/°C at 20 0 C to -35 at 280 0 C. Experimental work has
been conducted to determine the magnitude of this effect at elevated temperatures.
Modest values of thermoelectric power have been found at the higher temperatures,
and it is possible that the effect reported by Holmes represents a non-equilibrium
condition.

Palladium wire, .025" in diameter and three inches long, was placed in a tem-
perature gradient within a furnace. Separate nickel and Ni 18 Mo leads, Joined to
each end of the palladium, were brought out of the furnace. E.M.F. measurement
across different lead combinations then gave the temperature at each end of the
palladium, and the e.m.f. generated by the Pd. Introduction of hydrogen gave
similar data for Pd (H).

Ni Tl T2
@3 O

S Ni a0C INil8Mo

44

=1ilNi at O°CI ' 'I Nil8Mo
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Figure C-2: Resistivity of Nickel and Nickel Alloys
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Figure C-3: Thermal EMF Maxima in Systems Ni-Cr, Ni-Mo and Ni-W.
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The thermoelectric power was calculated by dividing the Pd or Pd (H) e.m.f. by
the temperature difference, which was of the order of 50 0 C in these tests. It is
necessary to correct for the e.m.f. of nickel over the temperature gradient in order
to convert the data to a platinum referezce junction. This has been done, and re-
sults are presented in Figure C-4.

The solid Pd (H) curve in Figure C-4 is felt to represent the most reliable
data, with Pd (H) exhibiting a thermoelectric power of -19 to -24 microvolts per °C
at elevated temperatures. These data represent tests in which the Pd (H) was heated
in hydrogen over an eight hour period prior to measurement. For comparison purposes
the thermoelectric power of palladium metal as derived from the literature is also
presented in Figure C-4. The effect of hydrogen is to make the thermoelectric power
of palladium more negative.

The dashed Pd (H) curve in Figure C-4 is felt to represent non-equilibrium con-
ditions. The thermal history of these tests was as follows:

(a) Pd heated in argon atmosphere for six hours to 650 0 C, hydrogen passed
through furnace for 45 minutes, and specimen cooled in hydrogen overnight.

(b) Pd (H) heated to 6000 C over five hour period, during which time the

plotted measurements were obtained.SA sharp minimum is to be observed in this curve, at -66 microvolts per0 C.

Palladium will absorb large quantities of hydrogen. Smithells(C 6 ) indicates
that 100 grams of palladium will absorb 5800 c.c. of hydrogen at 120 C and 700 mm Hgpressure. Additional data given in this same reference show the following:

Hydrogen Solubility in Palladium
TeMerature cc (STP) per 100 grams at 760 mm pressure

300 164
400 126
500 103
600 92.7
700 87.0
800 84.0

It is apparent that considerable amounts of hydrogen will be evolved on heating
a palladium specimen which has been cooled in hydrogen overnight, and that non-
equilibrium thermoelectric effects may accordingly be produced.

The hydride work is being extended to systems with higher temperatuiw stability.
Thermoelectric properties of the system Ti-H, including the compound TiH2 , will be
studied during the coming month.

METALLIC SYSTEMS SURVEY

A survey of the thermoelectric properties of metals and alloys was initiated on
the original WADC contract and completed using Company funds during the period pre-
ceding reactivation of the contract. Results of this survey are summarized graphi-

,cally in Figure C-5, which is a partial thermoelectric spectrum of known metals and
alloys, and. are given in detail in Appendix A.

Figure C-5 is a partial thermoelectric spectrum of known metals and alloys.
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The most outstanding materials are 82 Ni 18 Mo (positive), 60 Au 40 Pd (negative),

and 45 Ni 55 Cu (negative). The differential plot in Figure C-5 permits precise

estimates of thermoelectric power over any desired temperature range. To illustrate

an 82 Ni 18 Mo element operating with hot junction at 800 0 C and cold junction at

700 0 C would have a thermoelectric power of 42 microvolts per °C.

I
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APPENDIX D - THERMOBLECTRIC POWER OF METALLIC ALLOYS AND
TRANSITION METAL HYDRIDES

John P. Denny April 1959

INTRODUCTION

The purpose of this appendix is to provide experimental details covering work
on the systems copper-cobalt and zirconium-hydrogen, and to present the thermo-
electric properties of selected metals and alloys as derived from the literature and
the present investigation.

COPPER-COBALT ALLOYS

A tabular value from a security classified source(D-l) indicates that the
thermoelectric power of the alloy Cu + 3.1% Co has an exceptionally outstanding
value for a metallic system. The present study finds that the thermoelectric power
of annealed Cu + 3.17 Co varies from -12 to +3 microvolts/°C over the range room
temperature to 8000C, and is in marked disagreement.

The starting materials in the present investigation were electrolytic cobalt
and high purity (99.999% pure) copper. Three alloys, 98.5 Cu 1.5 Co, 96.9 Cu 3.1

S Co, and 95 Cu 5 Co were prepared in wire form by inert arc melting, casting, swaging

and drawing. After drawing, the wires were given a fifteen minute anneal at 760C
in nitrogen and furnace cooled. The ends of the three alloy wires and standard

copper and constantan wires were then joined into a single junction by inert arc
welding, and heated in a furnace under argon atmosphere using ice bath cold junc-
tions. Periodic emf measurements were taken at different temperatures using a
Leads and Northrup type 8662 potentiometer. The experimental arrangement is shown
in the following sketch.

14
Cu

-r • "• ------..• . -. • 9 8 . 5 C u l . 5 C o ..
9 ru __3 969 nn Heated

I E) 95c,,•¢ Junction
0 ___0

'Ice Bath -OOC

(D-l) Henry E. Robison, "The Design, Development, and Construction of a Heat
Production and Distribution Device," Armour Research Foundation of Illinois
Institute of Technology, Technology Center, Chicago, Illinois;. Project
No. L029-1, Contract No. DA-44-109-qm-1154, DA Project No. 7-82-04-001;
#inal Report, September 30, 1953; for Office of the Quartermaster General
Research and Development Division, Washington 25, D.C., ASTIA No. 54834,
Table A-l, Page A-2.
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The output of the copper-constantan couple was approximately 2-1/2 times
greater than any of the copper versus copper-cobalt couples, as shown in
Figure D-1.

Thermoelectric powers were calculated from the data of Figure D-1, and from
copper versus platinum data taken from the literature and reproduced in Table D-1.
The approximation: Seebeck Coefficient (Q) - Thermoelectric Power (.:e.f was

used in all cases. AT never exceeded 1000C, and the approximation is quite
reasonable for the systems under consideration. Algebraic addition of the alloy
versus copper coefficient (!$D and the copper versus platinum coefficient (atIT
the average temperature) yields the thermoelectric power.

The thermoelectric power of the alloy 96.9 Cu 3.1 Co is plotted in Figure D-2.
The values are intermediate between those of copper and Constantan. The coeffi-
cients of 98.5 Cu 1.5 Co and 95 Cu 5 Co are essentially identical to 96.9 Cu 3.1 Co
and have been omitted from Figure D-2 for purposes of clarity.

In two further attempts to duplicate the previously reported value, specimens
were tested in the cold worked and solution treated conditions. The solid solu-
bility of cobalt in copper decreases from 5% at 111OC to almost nil at 500C, and
the specimens were solution treated by heating in an inert atmosphere for one hour
at 1050C followed by a water quench. The cold worked specimens studied were pro-
duced by wire drawing, 99% reduction in area being employed. Junctions to the
solution treated and cold worked wires were made mechanically to avoid metallurgical
changes.

The results of tests on the solution treated and cold worked wires are presented
in Figures D-3 and D-4. The effect of each is to lower the thermoelectric power
approximately 12 microvolts/°C at room temperature. Metallurgical changes (precipi-
tation, stress relief) occur on heating, particularly at temperatures about 2000c,
and the cold worked and solution treated materials are not stable at elevated
temperatures. In any event, order of magnitude changes were not produced by either
processing technique.

It is possible that the originally reported value for this particular alloy is
a typographical error. Results of the present work are being sent to the original
author for comments.

ZIRCONIUM-HYDROGEN

Commercially pure zirconium wire was resistance welded between a pair of
Ni-82Ni 18Mo thermocouples, progressively hydrided, and periodically placed in a
temperature gradient for thermal emf measurement in accordance with the following
experimental arrangement.
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Figure D-1: Thermal EMF of Annealed Cu-Co Alloys
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Figure D-2: Seebeck Coefficient (Thermoelectric
Power) of Annealed 96.9 Cu 3.1 Co
Alloy.
(Referred to Pt)
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In the above sketch, the two Ni-NiMo thermocouples measure the temperature
,of each end of the Zr(H).

The thermal emf of Zr(H) over any particular temperature range is obtained
by measuring the potential in the circuit Ni-Zr(H)-Ni. The thermoelectric power
of Zr(H)-Ni over the temperature range is then simply the quotient, thermal emf
generated in the Ni-Zr(H)-Ni circuit divided by the temperature difference along
the length of the Zr(H) wire. Algebraic addition of the Zr(H)-Ni thermoelectric
power, and the Ni-Pt thermoelectric power at the average temperature (Table D-2)
gives the thermoelectric power 'of Zr(H) with respect to platinum.

All measurements were checked by similar measurements using the circuit
NiMo-Zr(H)-NiMo, along with data on the thermoelectric power of NiMo-Pt (Table D-3).

j Results of the two sets of measurements agreed within two microvolts per °C in all
cases.

Prior to thermal studies, the system was outgassed under vacuum at 700°C. The
hydrogen source was a heated flask of TiH2 , and adjustment of flask temperature
permitted controlled hydrogen additions. The solubility of hydrogen in nickel and
molybdenum (the thermocouple constituents) is essentially nil, permitting the Zr
wire to absorb the hydrogen progressively. The zirconium was outgassed at 700C
prior to hydriding to increase the absorption kinetics by cleaning the surface,
and hydriding was carried out at 600 0C. The thermoelectric determinations were
conducted at temperatures below 400 0 C to minimize extraneous effects which could
be caused by Zr(H) dissociation or hydrogen absorption during test. The plateau
vapor pressure of Zr(H) is 10-Z mm at 400°C and this increases progressively at
elevated temperatures as shown in Figure D-5.

The following tabulation summarizes hydrogen additions and resultant products.
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Summary of Successive Hydrogen Additions to Zr Wire

Pressure Volume Moles Total moles Product
mm cc (STP) Hydrogen Hydrogen (Moles Zr - .00264)

2.01 3.61 .000322 .000322 ZrH. 1 2

3.26 5.86 .000523 .000845 ZrH. 3 2
7.83 14.06 .001253 .002098 ZrH. 8 0
8.92 16.01 .001429 .003527 ZrH1 . 3 4

7.28 13.08 .001168 .004695 ZrH1 . 7 8

2.07 3.72 .000332 .005027 ZrH1 . 9 1

Results of the determinations are summarized in Figure D-6. Hydrogen is
found to increase the thermoelectric power of zirconium to a moderate degree, as
may also be seen from the following tabulation.

Temperature Composition Thermoelectric Power

250 0 C Zr /AV/°C + 12.9
of ZrH. 1 2  + 13.6
" ZrH. 3 2  + 14.0
" ZrH.80 + 17.8
" ZrHl. 3 4 + 18.8
" ZrHI. 7 8  + 14.6

"ZrHl.91 + 22.2

MISCELLANEOUS METALS AND ALLOYS

Tables D-3 through D-6 summarize the thermoelectric characteristics of 82Ni
18Mo, 60Au4OPd, Constantan, and Chromel P, which are representative of the better
alloys from the thermoelectric standpoint. Resistivity and thermal conductivity
data are included when such information is known. For figure of merit and related
calculations on metallic systems, the Weidemann-Franz-Lorenz relationship

k - (2.45) (10-8T) may be used with reasonable accuracy, where P is the electrical
resistivity in ohm-cm, k is the thermal conductivity in watts per cm per OK, and T
is the absolute temperature in OK.

A. Schultz in Metallwertschaft, vol. 18, 1939, pp 249 and 315 reports that
Pallaplat, a Pt-Pd-Au alloy, has an unusually high emf in comparison to other
metallic systems. The exact composition of this alloy is not reported. Analysis
of the data yields the following.
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Pallaplat - Pt Pd Au Alloy

Avg Temp. Thermoelectric Poweroc (A-M ev/oC

150 40
450 51.5
850 56.0

1150 52.0

These values if correct are superior to other known metallic systems, but are
not sufficiently better to warrant detailed work directed toward the intended power
generation applications.

P
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TABLE D-1

THERMOELECTRIC POWER OF COPPER STANDARD

Temp. Thermal EMF(D-2) Avg. Temp. Thermoelectric Power
Cu vs. Pt. mv. oC .Aemf V/OC

AT

0 ...... 0 50 . . . . . + 7.6

100 . . . + 0.76 150 . . . . . +10.7

200 . ..# .. + 1.83 250 0 . *. .. +13.2

300 . . . . . . + 3.15 350 . ... +15.3

400 . . . .*. . + 4.68 450 . . . . . +17.3

500 + 6.41 550 ..... +19.3

600 ...... + 8.34 650 . . . . . +21.5

700 .... . +10.49 750 ..... +23.5

800 ...... +12.84 850 . 0 . . . +25.7

900 . ..... . +15.41 950 . .. +27.9

1000 .. . . +18.20

(D-2) R. F. Vines, "The Platinum Metals and Their Alloys," International
Nickel Company, 1941
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TABLE D-2

THERMOELECTRIC POWER OF NICKEL STANDARD

Temp. °C Thermal EHF(D-2) Avg. Temp. Thermoelectric Power
Ni vs. Pt. oc (e, ) V/OC

0 . . . . . . 0

100 . ..... -1.48 50 ...... -14.8

200 . . .... - 3.10 150 . . . . . -16.2

300 . . . . . . - 4.59 250 ..... -14.9

400 . . . . . . - 5.45 350 ...... - 8.6

500 . . . . . - 6.16 450 ..... - 7.1

600 . . . . - 7.04 550 .. .. . - 8.8

700 ...... - 8.10 650 . . . . -10.6

800 . . . . . . - 9.35 750 . . . . . -12.5

900 ..... . -10.69 850 ..... -13.4

1000 ..... . -12.13 950 ..... -14.4

1100 ...... -13.62 1050 • • 0 • -14.9

(D-2) R. F. Vines, "The Platinum Metals and Their Alloys", International
Nickel Company, 1941.

WADD TR60-22, Pt., II 44

rI

L _ _I__III___I__I_ ___ ___ I



P 8 TABLE D-3

82 Ni 18 Mo Alloy

(a) Thermoelectric Power

Temp. 0C Thermal EMF(D-3) Avg. Temp. Thermoelectric Power
82 Ni 18 No vs. Pt. OC .Aemf vlC

my.

0 ............ 0

100 ......... -+ 2.64 50 ............ +26.4

200 ............ + 5.96 150 ............ +33.2

300 .... + 9.50 250 .............. +35.4

400 . ............ +13.04 350 ............ +35.4

500 ............ +16.65 450 .............. +36.1

600 ............ +20.57 550 ............ +39.2

700 ............ +24.67 650 ............ +41.0

800 ............. +28.84 750 ............. +41.7

900 ............ +33.11 850 ............ +42.7

1000 ........... . +37.42 950 ............. +43.1

1100 ............. +41.78 1050 .......... +43.6

(b) Resistivity

Temp. °C Resistivity (microhm-cm)

23 84.9
200 88.5
400 93.6
600 97.9
800 102.1

1000 109.6

(D-3) G.E. Publication GET-1415A
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TABLE D-4

60 Au 40 Pd Alloy

(a) Thermoelectric Power

Temp. °C Thermal EMF(D-2) Avg. Temp. Thermoelectric Power
60 Au 40 Pd vs. Pt. OC Aemf) V/ 0 C

mv

0 . . . . . . 0

100 ...... - 3.7 50 ...... -37

200 . . . . . - 7.5 150 . . . . -38

300 ...... ... -11.0 250 ..... -35

400 . ..... -15.4 350 ..... -44

f 500 ....... -20 450 -46

J 600 ...... ... -24.6 550 ..... -46

S700 ...... -29.3 650 ..... -47

S800 . 0..... -34.0 750 -47

900 ...... -38.5 850 ...... -45

1000 ...... ... -43.0 950 ..... -45

.(b) Resistivity

Temp. °C Resistivity (microhm-cm)

20 26.5

(D-2) R. F. Vines, "The Platinum Metals and Their Alloys", International
Nickel Company, 1941.

WADD TR60-22, Pt. II 46IP
i



TABLE D-5

Constantan (45 Ni 55 Cu)

(a) Thermoelectric Power

Temp. OF Thermal EMF Avg. Temp. Thermoelectric Power
Constantan vs. Pt. oc (A __f)

kAT
32 . 0

100 -1.27 18.9 ...... -33.6

200. .......- 3.26 65.6 . . . ... -35.4

300. ......- 5.39 121.1 . . . o . -38.4

400 ......... - 7.64 176.7 ...... ..- 40.5

500 . . . . - 9.98 232.2 . . . . . -42.1

600............. -12.40 287.8 ...... -43.6

700 .......- 14.88 343.3 ........ . -44.6

800 . .......- 17.41 398.9 ....... -45.5

900........ -19.97 454.4. ........ ... -46.1

1000 ....... -22.55 510.0 ..... ...... -46.4

1100....... -25.15 565.6 .......... -46.8

1200 ...... -27.77 621.1 ...... -47.1

1300 ...... -30.39 676.7 ..... ...... -47.1

1400 . ...... -32.99 732.2 ...... -46.8

1500 . o . . . -35.58 787.8 ...... -46.6

1600 . . . . . -38.14 843.3 ...... -46.1

1700 ...... -40.66 898.9 . o . . . -45.4

1800 0.. . -43.13 954.4 . -44.5

(D-4) Metals Handbook, American Society for Metals, 1948, p. 1062.
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TABLE D-5 (continued)

(b) Resistivity

Temp. °C Resistivity (14icroba-cu)

20 49
500 49

(c) Thermal Conductivity

Temp. 0 C Thermal Conductivity (Watts/cm0 K)

20 0.228
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T•.•- D-(D- 5)
TABLED-

Chromei P (90Ni 10Cr)

(a) Thermoelectric Power

Temp. OF Thermal EMF Avg. Temp. Thermoelectric Power
Chromel P vs Pt OC (Ae)mf V/°C

32 .... ...... 0
18.9 ...... .. +26.5

100 ...... 1.00
65.6 ...... .. +29.0

200 . .. .. . 2.61
121.1 ...... .. +30.8

300 ...... 4.32
176.7 ...... .. +31.8

400 ...... 6.11
232.2 ...... .. +33.5

500 . ... . 7.97
287.8 ...... .. +33.8

600 9.85

343.3. ............. +34.6
700 .... ...... 11.77

398.9 ...... .. +34.4
Boo . .. . .. 13.68

454.4 .. ..... .. +34.6

900 ...... .. 15.60
510.0 ....... .. +34.4

1000 ... ....... 17.51I ~ ~565.6............ +34.2

1100 ... ....... 19.41
621.1 +33.5

1200 ...... .. 21.27
676.7 ...... .. +33.2

1300 ...... .. 23.11
732.2 ...... .. +32.8

1400 . . . ...... 24.93
787.8 ...... .. +32.2

1500............26.72
843.3 ...... .. +31.7

1600 ...... .. 28.48
898.9 ...... .. +31.7

1700 ...... .. 30.24
954.4.............+31.5

1800 ...... .. 31.99

(D-5) Chromel vs. constantan data obtained from internal G. E. publication
entitled "GEL Tables of Thermocouple Characteristics". This then con-
verted to values with respect to platinum by use of Table D-5.
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TABLE D-6 (continued)

(b) Resistivity

Temp. °C Resistivity (Microbm-cm)I 0 70- 110

it
I
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APPMIX I -THE FEASIBILITY OF USING RIFRACTORY VATRIALS FOR THgRMCLICTRIC
GENERATOR (TEG) EXIMMTS

Hans J. Borchardt November, 1957

OBJECT

'To ascertain from a literature survey whether the use of refractory materials
for TEG elements appears feasible.

BACKGROUND

Materials which have been examined for TEG application are, for the most part,
conventional metals and some semiconductors. Certain semiconductors such as bismuth
telluride (Bi 2 Te 3 ) with large thermoelectric powers and favorable thermal conductiv-
ity and electrical resistivity characteristics appear promising at the present time
and are being actively investigated. Applications can readily be visualized, par-
ticularly for aircraft, where operation at elevated temperatures (1000 - 15000C) is
required. In cases where waste heat reservoirs would be utilized (such as hot ex-
haust gases) efficiency of conversion, as such, is of secondary interest; maximum
power output per unit weight and/or volume of generator being the primary goal. Ia-
termetallic compounds such as Bi Te are less suitable for this particular type of
application since they are characterized by low melting points, relatively high ef-
ficiencies (-2%) but limited power generation. The present survey is, therefore,
aimed at finding materials capable of operating at high temperatures and of deliver-
ing appreciable power with less emphasis on the efficiency of conversion.

The present effort was limited to two-man weeks, hence, is definitely not to be
taken as exhaustive. The material included herein was taken primarily from Chemical
Abstracts, Government Publications, and selected reference books.

Oxides, sulfides, and thermocouples using graphite are discussed in Section E-1.
Systems are included irrespective of their apparent suitability for the present ap-
plication. The more promising systems are discussed at the conclusion of the report.
Included are values for figure of merit, efficiency, and power output per unit area
and length. Caution should be observed in viewing these figures if the values for
thermoelectric power, resistivity, and thermal conductivity come from different
sources, i.e., measurements performed on different samples. References are indi-
cated on the right margin; the numbers refer to the references which immediately fol-
low and the letters to the books listed in Section E-IV.

Two types of calculated parameters will be encountered; parameters with respect
to a couple and parameters with respect to a single material. These are respectively
defined as follows:

Figure of merit uith 2 + 2
respect to a couple: Z - p n
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Figure of merit with
respect to a single C(2
material: Z -

P K

where OC is the thermoelectric power relative to a standard, usually platinum. Sym-
bols, subscripts and dimensions are consistent with those in the proposal. Optimum
efficiencies are defined in a similar manner. Power generated per junction per unit
area and length is calculated from

""0 n+C p )

. ~ ~4 ('n+"p)

f for a couple and for a single material from

c2 AT2
4t

where O( is again the thermoelectric power relative to plattnum and AT the tempera-
ture difference between hot and cold junction&. AT is based on a reasonable estimate
of operating temperature range.

f In Section E-II is a tabulation of data on refractory hard "metals", i.e., car-
bides, borides, nitrides, and silicides. This class of materials is characterized by
high temperature stability in an inert atmosphere (melting points -3000 0 K, negligible
volatility to above 20000 K) and metallic resistivities (ý10"5 ohm-cm, increasing
slowly with temperature). Unfortunately, information on the thermoelectric power of
these materials was not found in most cases. On the other hand, most metallic ele-
ments have thermoelectric powers relative to platinum of the order of 10 microvolts/
oC. Assuming a value for thermoelectric power of 10 microvolts/OC and, taking a rea-
sonable operating temperature range and the given values of resistivity, one finds
that the power output per junction per unit area and length is quite comparable to
that of Bi2 Te Since, in addition, these materials have superior thermal proper-
ties, it was Ielt that their inclusion was justified.

Section I-Ill contains references which were encountered during this survey
which may be pertinent to the other aspects of this program.

A critical sumnary is included at the end of the report.
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SECTION E-1: GRAPHITES, OXIDES. AND SULFIDES

A. COUPLES USING GRAPHITE AS ONE ELEMENT

1. GRAPHITE - SILICON CARBIDE

a. Thermoelectric power

- approximately 200 x 10- 6 V/0C (1)

- 286 x 10'6 V/°C at 18400 (1)

Thermal emf - 0.5 V at 16500 C (A)

b. .Resistivity

Graphite - 1.5 x 10-3 ohm cm (1)

Varies from 1 x 10-3 at

25 0 C to 9 x 10-4 at 5000C

(rmin) to 1.2 x 10-3 at 18000 C (A)

SiC - 0.21 - 1.88 ohm cm (1)

0.309- 5000 C (2)

0.215- 10000 C

0.29 - 15000 C

0.36 - 1800 0 C

c. Thermal conductivity

Graphite - -,.4 watts/cm°C (A)

decreases slightly with temperature

SiC - -..4 watts/cm°C (A)

20- 4250 C

d. Figure of merit

Z- 2.3 x 10-7 For dC = 2.86 x 10- 4

PG = 1.5 x 10-

PSic " 0.32
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*Ii

KG - 0.4

KSic - 0.4

e. Optimum efficiency

7.2 x 10"3 % T1 - T2 - AT

- 1800 - 500- 13000C

M - 1.00032

f. Power generated

0.11 watt AT - 13000

(REFERENCES)

(1.) Funagashi, V. and Hisamota, A. - "The Graphite SiC Thermocouple" - Tokai
Technol. J.,. 12, 34-9 (1948). C.A. 48:9763b

Thermoelectric power and resistivity given to 20000 C.
CC is approximately 200 x 10-6 V/°C. At 18400 C, OC -

286 x 10-6 V/°C. P of carbon 0.0015 ohm-cm and of
SiC 0.21 - 1.88 ohm-cm. Upper useful temperature
limit is 18000C.

(2.) Norton Company - "Heating Elements" (Indust. lit.) p 6.

(3.) Varsonovich, V. K. - "Carbon - SiC Thermoelements for Measuring High Tempera-
tures (to 18000)t' - Ukrain. Nauch. - Issledovatel. Inst. Ognevporov. Kisloto-
uporov,ý 44, 114-5 (1938). C.A. 33:27703

"A brief description is given."

(4.) Dodero, M. - "The Thermoelectric Power of the Couple Graphite - SiC" - Compt.
rend., 206, 660-1 (1938). C.A. 32:32256

The thermoelectric power-temperature curve of Cu-SiC
and graphite Si-C shows a change in direction at about
9000 on heating and 7000 on cooling -- attributed to
the transformation in SiC. Also a change at 13000.

(5.) Bonnot, M. - "'The Graphite-SiC Thermocouple: Its Use in Metallurgy" - Rev. met.,
37, 16-19 (1940); Chem. Zentr. 1940 1, 2986. C.A. 36:28229

Discusses "Fitterer" (C-SiC) couple.

(6.) Uya Funabashi - "Contacting Point for C-SiC T.C." - Patent, Japan 4298 (1950)
December 16. C.A. 46:9901b

An adhesive prepared from powdered artificial graphite
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50%, pitch 40%, tar 107., is heated at 1500 and coated
on SiC rod.

(7.) Losana, Luigi - "Thermoelements for High Temperatures" - Met. ital. 32•, 239-41
(1940); Chem. Zentr. 1941. I, 247. C.A. 36:68441

Combinations of graphite with SiC or W are recommended
for thermoelements for use at high temperatures, (e.g.,
above 15000). An electrically insulated SiC rod is
introduced into a graphite tube so that the lower end
of the rod presses against the graphite screw closing
the tube. The upper end is surrounded by a Cu jacket
cooled by running water. In the graphite-W element, a
W wire 0.8 mm in diameter passes through the graphite
screw closing the tube. The free end is fused to a
ball and allowed to fall free in the tube. Calibration
curves for these thermoelements are reported for tem-
peratures up to 20000.

(8.) Tyler, W. W. and Wilson, Jr., A. C. - "Thermal Conductivity, Electrical Resis-
tivity and Thermoelectric Power of Graphite" - (Knolls Atomic Power Laboratory),
Phys. Rev. 89, 870-5 (1953). C.A. 4 7 : 4 8 8 4 a

Data 20 - 3000 K.

(9.) Eatherly, W. P. and Rasor, N. S. - "The Thermoelectric Power of Graphite, De-
pendence on Temperature, Type and Neutron Irradiation" - Unclassified Report,North American Aviation Inc., Downey, California (Contract ATII-l-Gen-8),
21 November 1952 (NAA-SR-196).

(10.) Kmetko, E. A. - "Electronic Properties of Carbons and Their Industrial Bisul-
fate Compounds" - J. Chem. Phys., 21, 2152-8 (1953). C.A. 48:4277

(11.) Hirabayashi, H. and Toyoda, H. - "Electrical Properties of Amorphour Carbon" -

J. Phys. Soc. Japan, 7, 337-8 (1952). C.A. 4 7 :118 3 9 d

Conductivity and Thermoelectric power between 20 - 300 0 C.

(12.) Ref: 7.2 Reference Index.

2. GRAPHITE-TUNGSTEN

a. Thermoelectric Power

9f = 6.9 x 106 V/°C at 16500 C (A)
Thermal emf - 0.038 V at 1650 0 C (A)

(mean 23 x 10-6 V/°C)

b. Resistivity

Tungsten 5.5 x 10-6 ohm-cm 25 0 C (B)
25.3 7270 C
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41.4 1227 0 C
59.4 1727 0 C
98.9 2727 0 C

c. Thermal conductivity

Tungsten 1.7 watts/cm°C 25 0 C (C)

d. Figure of merit

Z - 8.1x 10.9
- 23 x 10- 6 V/°C
= 6 x 10-5

graphite data as above

e. Power generated

0.28 watts AT - 18000 C

(REFERENCES)

(1.) "New Construction of a W-Graphite Thermocouple" - Zavodskaya Lab. 14 632-3
(1948). C.A. 4 3 :6 4 7 4 a

'T.C. suitable for many hours at 12 - 17000, with
better protection to 20000.

(2.) "Measurement of Temperature of Molten Steel by Means of a W-C Thermoelement" -

Ceram. Abstracts, 18, #10, 275. C.A. 34:72464

3. GRAPHITE - B4C

a. Thermoelectric p

Thermal emf - 0.7 volts at 25000 C (A)
(assume average 0 - 280 x 10-6 V/oc)

b. Resistivity

B4C - 0.3 - 0.8 ohm-cm (A)

c. Thermal conductivity

B4 C - 0.29 - 0.84 watts/cm°C (A)

d. Figure of merit

2.6 x 10.7 B4C= 0.3 % -= 0.3

e. Power generated

0.35 watts AT - 15000 C
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(REFERENCES)

(1.) Ridgway, Raymond R. (to Norton Co.) - "Patent Thermocouple" - Can. 386, 183,
(Jan. 9, 1940). C.A. 34:15207

Structural details are described of a thermocouple
having contact elements of B4 C and graphite.

5 B3. oxIDES

1. Cr20•

a. Thermoelectric power

S- 700 x 10- 6  V/°C (D)
Relative to lead

b. Resistivity

ohm- cm

2.3 x 10.1 350 0C (A)
2.3 x 103 1200 0 C
5 x 10 740 0 C (70 cm 02) (1)
6.8 x 10-3 6000 C (A)
4.5 x 10" 1100 0 C

c. Thermal conductivity

Not found, assume 0.5 watt/cm°C

d. Figure of merit

*Z = 1.6 x 10- 4

e. Optimum efficiency

*15.5% = 6 x 10-3
SI T2 = "-T

13000 K- 2000 K = 1000OK
M = 1.06

f. Power generated

"*20.4 watts 6 x 103

1.2 x 10-4 watts - 103

(REFERENCES)

(1.) Bevan, D. J. M., Shelton, Anderson, J. S. - "Properties of Some Simple Oxides

*Probably mismatched data
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and Spinels at High Temperatures" - J. Chem. Soc. 1948, 1729-41. C.A. 43:45331

Electrical conductivity of ZnO, Fe 03 Cr 0 We20
ZnCr 2 04 .Mg~ee2 04 , and MgCr20 4 to l000°. " O

2. Co304 (PLUS ADDITIVIES)

a. Thermoelectric power

<. = 234 x i0-6 V/°C (mean 51 0 C - 751 0 C)

b. Resistivity

0.285 ohm cm

c. Thermal conductivity

Assume K = 0.1 watt/cm°C

d. Figure of merit

Z = 1.9 x 10-6

j e. Power generated

P - 0.049 watts

(REFERENCES)

(1.) Fischer, F., Dehn, K., Sustmann, H. - "Increase of Thermal emf of Oxides by Use
of Oxide Mixtures" - Ann. Physik 15, 109-26 (1932). C.A. 27:26124

Single oxides and mixture up to 5 components in the form
of compressed tablets were systematically investigated.
Sometimes the contact surface of the tablets were silvered
by pressing on a layer of Ag20 and heating. The best re-
sults for positive emf (current at hot junction flows from
Cu to oxide) were obtained with ((Co 3 04 + 10% Cu0) +
57. Bi2O3 ) + 27. Ta205) + 2. 19gO; this mixture developed
0.418 watt for a temperature difference of 7000 C.

For negative emf C03 04 with silvered surfaces was best
with 0.175 V and 0.042 watt for a temperature difference
of 7040.

(Note: The above applies to disks
12 mm diameter and 2 nmm thick)

(2.) Fischer, F., Dehn, K. and Sustmann, H. - "Increase in Thermoelectric Force of
Oxides by Admixtures of Other Oxides II" - Ges. Abhandl. Kenntnis Kohle, 12,
516-26 (1937); Chem. Zentr. 1937 II, 3863. C.A. 33:61723
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Oxide mixtures showing a negative thermo emf against
the special steel serving as reference material were
investigated. The best two component mixture so far
studied consists of CdO with 3 - 5% MgO. This was
therefore used as the basis material for further
studies of three component mixtures. The best of these
mixtures as regarding thermo emf and energy production
was (CdO + 37. MgO) + 17. NiO. Four component mixtures
using this mixture as a basis material gave poorer re-
sults in every case. When this best negative mixture
(against reference materials) was combined with the
best positive mixture of ((Co 3 04 + 107. CuO) + 57. Bi 2 03)
+ 27. Ta 2 05) + 27. MgO, an energy production of 0.67
watts was obtained for a temperature difference of
700 0 C. The method of production, temperature, duration
of heating had considerable influence on the thermo emf
and also on the ease with which the material could be
pressed into tablet form. Because of the thermal con-
ductivity of the mixture, thin tablets gave lower thermo
emfs than infinitely thick ones, e.g., the variation
amounted to 77 for a thickness of 2 mm. From a discus-
sion of the construction of a thermo battery from oxide

tablets, it is shown that with suitable construction
quite efficient conversion of thermal energy into elec-
tric energy can be obtained, the efficiency approaching
that of modern heat engines (to 22%).

3. Cu20

a. Thermoelectric Power

V/ (7)

.5 1.0 2.0~ 3.0

-6500 x 10 V/lC at P(0 )2 100 ma. (4)

b. Resistivity Vacuum

4 •9 mm 02

Log F 3 (7)

(ohm cme) 2

0

-1i5 1.0 1.5 2..0 2.5

l/T x 103 °C
P .25 ohm-cm at P(O=- 100 mM (4)

WADD TR60-22, Pt. II 59

[ --- - - --- --------- --



c. Thermal conductivity

Not found, assume 0.1 watt/cmOC

d. Figure of merit

z -1 (lO m 02)

e. Efficiency

0.2% AT - 10300 - 300 - lO000C
m - 1.004

f. Power 
generated

.25 watts

(REFERENCES)

(1.) Vogt, W. - "Electrical and Optical Properties of Semiconductors III." "Elec-
trical Determinations with Cu 20" - Ann. Physik, 73 183-204 (1931). C.A..25:32l55 hsk ,1324(91.CA

2 1 A study of Cu2 0, which is a semiconductor, was made to
determine its electric conductivity and thermoelectric
force, Hall constant and heat conductivity between -70o
and +700. A tabulation of the values of conductivity,
Hall constant, dissociation work 6, and electron num-
ber, no. The effect of temperature and length of mean
free path of the electrons on the thermoelectric force
is shown.

(2.) Monch, G. - "Thermoelectric and Volta Potential of Cu2 0" - Naturwissen-Schaffen,
21 367 (1933). C.A. 27:47432

A metal-Cu2 0-metal thermoelement has a potential of
1 MV/°. (Vogt - C.A. 25:32155). This potential is
largely due to differences in electron concentration
in the semiconducting Cu2 0. A similar potential ap-
pears between two ends of an insulated piece of Cu 2 0
if they are kept at different temperatures. (0.4 to
0.5 V/1000 for polycrystalline Cu20). The change in
volta potential of the free Cu20 surfaces is 0.15
V/1000 .

(3.) Hokhberg, B. M. and Kvasha, 0. G. "Thermoelectric Processes in Cu20" -J.

Exptl. Theoret. Phys. (U.S.S.R.) 5, 46-53 (1935). C.A. 29:77652

Cu-Cu20 T.C.'s with varying oxygen content were pre-
pared. Electrical conductivity varied by 104. Thermo
emf remained approximately constant at 0.49 to 0.95
MV/°C in range -1500 to +5000. Conductivity I/T but
emf/degree constant and fell only above 7500. These
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results are contrary to present theories.

(4.) Hogarth, C. A. - "Some Conducting Properties of the Oxides of Zinc and Copper" -

Z. Physik. Chem. 198, 30-40 (1951). C.A. 4 6 : 4 8 7 3 e

Electrical conductivity and thermopower of ZnO and
Cu2 0 measured f (T) to 1000 and 02 pressure 100 -
0.04 mm.

(5.) Okada, T. - "Electric Conduction of Cu2 0 Semiconductor" - Busseiron Kenkyu, 19
15-29 (1949). C.A. 4 7 :3 0 6 9 c

Electrical conductivity and d, between R.T. and 4500

under P(02)5-20 mn,.

(6.) Greenwood, N. N. and Anderson, J. S. - "Conductivity and Thermoelectric Effect
in Cu2 0" - Nature, 164 346-7 (1949). C.A. 4 4 : 2 815i

Reproducible results by equilibrating Cu2 0 with CuO
at 10500. Conductivity - temperature and thermo-
power - temperature given.

(7.) Anderson, J. S. and Greenwood, N. N. - "The Semiconducting Properties of Cu2 0" -

Proc. Roy. Soc. (London) 215A 353-70 (1952). C.A. 4 7 :4158e

Electrical conductivity and thermopower 20 - 10300.

CC remains constant in region where number of cur-
rent carrier depend strongly on temperature. All
details given. Fifty references.

(8.) "Measurements of Thermoelectric Forces Of Cu2 0 at High Temperatures" - Z. Natur-
forsh., 7a 211-12 (1952). C.A. 4 6 :8914 e

4. 2"o0

a. Thermoelectric power

1.4
MV/°C 1.0 (1)

.6 200 600

-3 q3
1.9 x 10 V/ 0 C (D)

b. Resistivity 10"4cm 0-7. 2  76cm0 2

Log 6 -6 (1

ohm -1 -5
cm -4.

-3

1.2 1.6 2.0 2.4
l/T x 10 OK
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c. Thermal conductivity

Assume 0.05 watts/cm°C

d. Figure of Merit

At 5000 C 7 x 10-10 - 3 x 104 ohm cm
- 10-3 V/oC

(REFERENCES)

(1.) Mansfield, R. - "The Electrical Properties of Bi20"I - Proc. Phys. Soc. (London)
62B 476-83 (1949). C.A. 44:1299f

Conductivity and thermoelectric power of Bi203
measure from 150 - 6800 and at 02 pressure 76 -
10- 4 cm. Variation with pressure less than 107.
except below 10-3 cm where. sign changes > 5500.
Conductivity due to excess 0 or Bi+3 deficiency.
Conductivity by holes.

5. CdO

a. Thermoelectric power

CC =60x 10-6 V/OC at3000K
C = 135 x 10-6 V/°C at 8000 K (i)

b. Resistivity

4 x I0 at 3000 K (I)
= 2 x 10-2 at 8000K (1)

c. Thermal conductivity

Assume K - 0.1 watts/cm°C

d. Figure of merit

-69 x 10 at 3000K
9 x 10- 6 at 8000K

e. Power generated

P - 0.06 watts AT = 5000K
C I x 10-4 V/oC

0 10-2

(REFERENCES)

(1.) Wright, R. W. - "Variation with Temperature of the Electrical Properties of a

WADD TR60-22, Pt. II 62r



Degenerate Electronic Semiconductor as Exemplified by CdO" - Proc. Phys. Soc.
(London) 64A 350-62 (1951). C.A. 45:8346

Strong strip specimens are prepared from CdO powder
such that they possess an electrical conductivity
,%.300 ohm"1 cm- 1 at room temperature. Simultaneous
measurements of the Hall constant and the electrical
conductivity are made through the temperature range
0 - 5000 and the thermopower is measured immediately
afterwards on the same specimen. The properties are
found to resemble those of a metal. Theory developed.
Satisfactory agreement. Theory predicts that C( and
P be directly proportional to T°K. Experimental re-
sults confirm this.

(2.) Hogarth, C. A. and Andrews, J. P. - "Variation with Oxygen Pressure of the Ther-
moelectric power of CdO" - Phil. Mag., 40 273-82 (1949). C.A. 44:5174d

Thermopower -,(log Po2). Between 240 and 570 0 C ther-
mopower given by dE/dT = -a + bT at constant Po2,

(3.) Andrews, J. P. - "Thermoelectric Power of CdO" - Proc. Phys. Soc. 59 990-8
(1947). C.A. 4 2 :1 7 7 6 c

The thermopower of CdO vs. Pt over -1100 to 8300.

6. Ni0

a. Thermoelectric power

CC t 300 x 106 V/°C pure NiO (1)
5 - 600 x 10-6 V/OC impure (1)

X= 100 x 10-6 V/°C with Li 2 O impurity (1)

b. Resistivity

Minimum for sample containing Li 2 0 as impurity
10 ohm cm 250C
Decreases slowly with temperature (1)

c. Thermal conductivity

Assume 0.1 watt/cm0 C

d. Figure of merit

10- 8

e. Power generated

2.5 x 10-4 watts AT - 10000 C
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(REFERENCES)

(I.) Paravano, G. - "Thermoelectric Behavior of NiO" - (Franklin lust.) J. Chem.
Phys. 23, 5-10 (1955). C.A. 49:5049a

NiO containing Li20, Ce02, Ag2 0, NiC1 2 , Cr 2 03 and
W03 . Measured aC.

(2.) Hogarth, C. A. - "Conduction Properties of Oxides of Cd and Ni" - Proc. Phys.
Soc. (London) 64B, 691-700 (1951). C.A. 4 8 :1 1 8 6 4 b

_1"-3 x I0-5 Black NiO

1 1 Green NiO

1.6 x 10-2

(3.) Wright, R. .W. and Andrews, J. P. - "Temperature Variation of the Electrical
Properties of NiO" - Proc. Phys. Soc. (London) 62A, 446-55 (1949). C.A.
44: 4249

NiO prepared in coherent strips. Conductivity, Hall
coefficient to 7000. Thermopower thereafter, deficit
semiconductor, hole conduction.

7.1 (BaSr)O

a. Thermoelectric power

C = 2.17 x 10-3 V/°C at 1000 0 K (1)

b. Resistivity

=5 x 10 2 ohm cm at 10000 K (1)

c. Thermal conductivity

Assume K - 0.01 watt/OC cm

d. Figure of merit

Z- 9 x 10- at 1000 0 K

7.2 BaO

a. Thermoelectric power

-30( - 2.12 x 10 V/°C at 10000 K (1)

b. Resistivity

10 ohm cm (2)
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c. Thermal conductivity

Assume K - 0.01 watt/°C cm

d. Figure of merit

Z - 4 x 10-7 at 10000K

(REFERENCES)

(1.) Young, J. R. - "Electrical Conductivity and Thermoelectric Power of (BaSr)O and
BaO" - J. Applied Phys., 23, 1129-38 (1952). C.A. 4 7 : 3 7 3i

Electrical conductivity and thermopower and thermo-
emission between 300 - 11000 K on different base
metals.

OC - 2.0 MV/ 0 1100 0 K
2.5 MV/0 8000K
1 - 0.5 MV/ 0 5000K

(2.) Hoga, Kinichi.- "Thermoelectromotive Force ,of BaO and (Ba, Sr)O" - J. Phys. Soc.

Japan 6 124-5 (1951) (in English). C.A. 45: 5 998e

Thermo-emf values of 1.8 - 2.8 MV/oC were obtained
from 750 - 1200°K. Over the same temperature range
chemical potentials of 1.8 - 2.6 e.v. were found.
The activation values were 0.4 - 0.6 e.v. The sign
of thermo-emf showed the N-type of semiconductor
for (BaSr)0, the P-type appearing for the very
poorly activated state.

8. M0

a. Thermoelectric power

• ( =1.1 x 10- V/°C (1)

9500 - 14000C

b. Resistivity

-107 ohm cm at 10000C (1)

(REFERENCES)

(1.) Mansfield, R. - "The Electrical Conductivity and Thermoelectric Power of MgO" -
Proc. Phys. Soc. (London) 66B 612-14 (1953). C.A. 47:9577e

on sintered 1g0 600 - 15000.
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9. TiO2

a. Thermoelectric power

248 x 10-6 V/OC relative to Ni (1)

b. Resistivity

1.51 ohm cm 20 0 C decreases -.l%/OC at 200 (1)

c. Thermal conductivity

Not found, assume 0.5 watt/cm°C

d. Figure of merit

Z = 8.1 x 10-8

(REFERENCES)

(1.) Henisch, H. X. - "Thermoelectric Power and Conductivity Properties of Blue
Ti0 2 " - Elec. Comm. 25 163-77 (1948). C.A. 42:61299!

C. SULFIDES

1. CrS

a. Thermoelectric power

S= 20 x 10- 6 V/°C (1)

b. Resistivity

=4 x 10 ohm cm (1)

c. Thermal conductivity

Assume K = 0.1 watt/cm°C

d. Figure of merit

Z = 105

e. Efficiency

Assume AT - 1000 0 C 1300 0 K - 3000K
0. 25%*

f. Power generated

25 watts*

*Mismatched data? See Reference (1)

I WADD TR60-22, Pt. II 66

I



(REFERENCES)

(1.) Fakidov, I. G. and Grazhdankina, N. P. - "Electrical Properties of Chromium Sul-
fides" - Trudy. Inst. Fiz. Metal., Akad. Nauk S.S.S.R., Ural Filial, 1_5, 65-9
(1954). C.A. 49:1372le

Electrical conductivity of CrS with 50 - 59 atomic 7.S
has maximum at 54 atomic 7.S with sp. resistivity of
4 x 10-4 ohm cm. Temperature coefficient is plus be-
tween 0 - 233OK for comp. between 50 - 53 7U but be-
comes - above 233 0 K. With 54 7.S, CrS shows curie
points at -1100 and 300. O is 0.02 MV/°C for the
ferromagnetic form.

(2.) Watanabe, H. and Tsuya, N. - "The Properties of Chromium Sulfides and Iton Sul-
fide I" - Science Reports Research Insts., Tohoku Univ., Ser. A2 503-6 (1950).
C.A. 4 6 : 4 3 04 c

Sulfides heated 9000 PCrSl. 1 7  3 x 10-4 ohm cm.

PCrS1. 3 3 - 5.2 x 10-4 ohm cm.

2. NiS

a. Thermoelectric power

C( = 6.5 x 10-6 V/°C(1

b.- Resistivity-4

= x 10 ohm cm

c. Thermal conductivity

Assume K = 0.5 watts/cmOC

d. Figure of merit

4.2 x 10-

(REFERENCES)

(1.) Hauffe, K. and Flindt, H. G. - "The Electrical Conductivity and the Thermoelec-
tric Force of NiS" - Z. Physik. Chem. 200, 199-209 (1952). C.A. 47:3071

Conductivity independent of S pressure below 150 mm.
Conductivity 4800 ohm" 1 cm-I at 7000.
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3. BaS

a. Thermoelectric power

(X - 2.5 x 10" v/ac (1)
970 - 1270 0 K

b. Resistivity
10 =05 ohm cm()

(REFERENCES)

(1.) Grattidge, W. and Hohn, H. - "The Electronic Properties of BaS" - J. App. Phys.,
23 1145-51 (1952). C.A. 47:96le

2.5 MVIo between 970 - 12700 K
to 10+5 ohm cm

4. Pbs

See Franklin Institute Report F1992-13

5. SnS

a. Thermoelectric power

OC = 630 x 10-6 V/°C ()

b. Resistivity

0= -28 ohm cmm(1

(RKFRENCES)

(1.) Anderson, J. S. and Morton, Mrs. M. C. - "Semiconducting Properties of Stannous
Sulfide II. Thermoelectric Effect" - Trans. Farad. Soc. 43 185-94 (1947).

Au-SnS-Au -800 to 4200 C, thermopower and conductivity.
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SECIMON 3-11: REFRACTORY HARD METALS

(REFERENCES A AND E)

(Unless otherwise indicated, data is for room temperature)

A. SILICIDES

I. MoSi2

M.P. 1870 0 C with decomposition (E) (2030 f 50 0 C Moly Chem. Bull. Cdb. 6.)

a. Thermoelectric power

(X - 5.13 x 10-6 V/aC 600C (1)
OX = 15.3 x 10-6 V/°C 6000C

b. Resistivity

21.5 x 10-6 ohm cm (E)

c. Thermal conductivity

K = 0.314 watts/cm°C (E)

d. Figure of merit

3.9 x 10 6 60°C
3.5 x 10-5 6000C (room temperature valves for p and K)

e. Power generated

2.72.watto AT - 10000 CC - 15.3 x 10-6

I
(REFMNCES)

(1.) "Thermoelectric Effects in MoSi 2 " - J. Appl. Phys. 24 498 (1953). (Note) C.A.
47:10935

Thermal emf of MoSi 2 vs. Pt, in range 60 - 6000 is given
by

-2 2E - 5.13t + 1/2 (3.76) 10 t - 1/3 (15.65)
10-6 t 3 . Microvolts.
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2. OTHER SILICIDES

Resistivity Thermal cond. M.P.
Compound micro ohm-cm watts/cmOC oC

TaSi 2  8.5 2400

WSI 2  33.4 2150

NbSi 2  6.3 1950

MoSi 2  21.5 .314 1870

VSi 2  9.5 1750

CrSi 2  1570

TiSi 2  123 1540

ZrSi 2  161 1520

3. CARBIDES

I HfC 109 3890

I NbC 74 .14 3500

TaC 20 .22 38801

* TiC 105 .17 3250'

W2 C(ý) 81 2700

WC 12 2630

VC 156 2830

ZrC 63.4 .20 3175

Mo2 C 97 2690
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4. BORIDES

Resistivity Thermal cond. M.P.
Compound micro ohm-cm watts/cm0 C. oC

TiB2  15 - 28 0.261 2980

ZrB2  9.2 - 28.8 0.23 3040

87.6 at 1600 0 C
118.2 at 2305 0 C
139.1 at 2635 0 C

VB2 16 2100

NbB 2  28 - 65 0.17 > 2900

TaB2  68 - 86 0.11 3000

CrB 64 1550

,CrB2  21 1850

HfB2 10 3250

Mo2 B 40 2000
I

MoB (X 45 2180

MloB 25

MoB2  45 2100

WB 2860

W2 B 2770

5. NITRIDES

TaN 135 - 250C 3090
116.3 - 2840 0 C

ZrN 11.5 - 160 - 25 0 C 2980
320 M.P.

TiN 21.7 - 130 - 25 0 C 2930
340 M.P.

NbN 200 - 25 0C 2050
450 - 2050 0 C

VN 85.9 - 200 - 25 0C 2050
850 M.P.
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SECTION B-III: MISCEL 0NEOUS REFERENCES

1. Schulze, A. - "Metallic Materials for Thermoelements" - Metallwirtschaft, 18
249-54, 271-6, 315-20 (1939). C.A. 33:57923

A systematic consideration of all metals shows that but a
few base metals are suitable for practical thermoelectric
measurements above 10000. Of these, only Ni and its al-
loys (up to 107.) with Cr, No, W are really useful. Sev-
eral types of thermopiles for the measurement of radiation
are described.

2. Schulze, A. - "Metallic Materials for Thermoelements" - Warme, 62 127-9 (1939).
C.A. 33:60926

A record is given of the progress made in the use of var-
ious noble metals, noble metal combinations, and. common
metal alloys as elements of thermocouples. The sensitiv-
ity of some of these in temperature measurements is com-
pared.

3. Schulze, A. - "Metallic Materials for Thermocouples" - J. Inst. Fuel 12 41-85
(1939). C.A. 34:22133

ST.C.'s for temperatures > 15000. Data on thermoelectric
force and useful temperature range of a large number of
noble and base metal couples included.

4. Laure, Yvon - "The Electrical Measurement of High Temperatures" - Electricite
V 23 183-90 (1939). C.A. 33:60927

Resistance thermometers for precision and industrial use
are described, also their construction, measuring methods,
and calibration. In use for precision T.C.'s are:

SiC vs graphite
50% Ni+ 50% Cu vs. 84% Ni + 16% Mo

For industrial purposes:

Pt vs. 92% Pt + 8% Re
Pt vs. 90,5% Pt + 4.5% Re+ 5%Rh
Rh vs. 99.92% Rh + 0.08% Re
Au vs. 68% Au + 32% Pd
Pd vs. 607 Pt + 40% Pd
Te vs. Pt
Pt vs. 99% Te + 1% Sb
957 Pt Rh + 5% Re vs. Pd + Au
60% Fe + 407. Cr vs. Pd
Ni vs. graphite
NiCr vs. NiAl
W vs. 75 W + 25% Mo
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The millivolts are given for all the elements and cal-
ibration curves are shown for most of them.

5. Morgan, F. H. - "Refractory Thermocouples and bmissivity Determinations" -

(Bartol Research Foundation, Swarthmore, Pa.), Phys. Rev. 78, 353 (1949) C.A.
45:6053£

Thermoelectric power

W - Ta
W - Mo
Ta - Mo
W - W/Mo (50 - 50)

6. Morgan, F. H. and Danforth, W. I. - "Thermocoup 1 es of the Refractory Metals" -

J. App. Phys., 21, 112-13 (1950). C.A. 4 4 : 7 595"

W - Ta
W - Mo
Ta - Mo
W - W/Mo (50 - 50)

7. Domenicali, C. A. and Otter, F. A. - "Thermoelectric Power and Electrical Resis-
tivity of Dilute Alloys of Si in Cu, Nil, and Fe" - (Franklin Inst.), J. Appl.
Phys., 26 377-80 (1955). C.A. 4 9 :8643d

Data are given for the thermoelectric power and re-
sistivity of dilute alloys Cu-Si, Ni-Si, Fe-Si from
-1950 to +5000.t 8. Troy, W. C. and Stevens, G. - "Thermocouple" - Patent US 21588,988 March 11,

1952 W-Ir. C.A. 46:4864

W-Ir

9. Boltaks, B. I. and Zhuze, V. P. - "Semiconductive Properties of Some Metallic
Compounds" - Invest. Akad. Nauk S.S.S.R. Ser. Fiz., 16 155-68 (1952). C.A.S~ 46 :10753a

Mg3 Sb 2 1 Mg2 Sn, Mg2Pb, Cs3 Sb, SbZn

10. Mesnard, G. and Uzan, R. - "Conductivity and other Electrical Properties of
Thoria" - Le Vide, 6 1052-62, 1091-7 (1951). C.A. 4 6 :800i

11. Kitaro, Fujii - "Studies and Applications of the Thermoelectric Properties of In-
organic Compounds" - Proc. World Eng., Congr., Tokyo, 1929 22 331-2 (1931).
C.A. 25 :56 04n

A thermoelectric series of crystals, microcrystals and
amorphous masses of metals or inorganic compounds that
conduct electricity is set up. Inorganic thermocouples
are superior to metallic. The sensitivity of a thermo-
pile of 20 elements of CuS and PbS was 3 - 5 times higher
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than that of elements of Bi-Sb, Bi-Ag, or constantan-
mangnus.

12. Perrot, M. and Peri, G. - "Particulate Thermoelectric Elements" - Compt. rend.
239 537-9 (1954). C.A. 4 9 : 3 5 8 7 a

When a powdered oxide of Al, Be, or Th is compressed
between two metallic plates, a difference in tempera-
ture between the two plates results in an emf. When
the oxide is moist, the positive pole is always the
colder one, but the oxide is dry, the positive pole
is always the warmer one. However, with dry oxide,
the intensity of polarization is very weak, whereas
with wet Al 0 of 20 sq cm surface, I xmm thickness and
50 ohms resisiance, AT = 22 0 C a potential of 0.5 volts
was generated and a current of 1 ma delivered for 3
hours through a resistance of 400 ohms. Considerable
variation was found in the voltage and current produced
with different samples of Al203. Moreover, the curves
of E or I vs. AT are not linear and appear to approach
a limiting value. The decrease in E as AT is reduced
back to zero is not instantaneous.

13. Hirahara, Eiji - "Physical Properties of Cu2 S Semiconductors: I. Electric Con-
ductivity and Anomalous Heat Capacity, II. Thermal Properties"- Proc. Phys.
Soc. Japan, 4, (I) 10-12, (II) 12-14, (1949). C.A. 4 4 :1 0 4 2 2 a

From ionic conductivity and electric conductivity and
heat capacity, two transition points are found. Anom-
alous thermal emf explained by Cu diffusion in Cu2 S

* phase.
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SECTION I-IV: GENERAL REFERENCES

A. Campbell, I. E. (Ed) - "High Temperature Technology" - John Wiley, New York
(1956).

B. "Handbook of Chemistry and Physics" - 38th Ed., Chem. Rubber Publishing Co. (1957)

C. "American Institute of Physics Handbook" - McGraw-Hill (1957).

D. Zwikker, C. - "Physical Properties of Solid Materials" - Interscience, New York
(1954).

E. Schwarzkopt, P. and Kieffer, R. - "Refractory Hard Metals" - Macmillan, New York
(1953).
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SECTION E-V: SUMMARY

In order to evaluate the materials described, they are compared to Bi 2 Te 3 with
respect to figure of merit, optimum efficiency, and power generation per unit area and
length. These parameters for Bi2Te3 are tabulated below. They are based on the
Battelle data in the proposal for this contract.

Bi 2 Te 3

Operating Temperature Range: 300 - 5000K

Power
Cold Junction Hot Junction Figure of Merit Optimum Generated*

3000 K TOK oC- Efficiency Watts

350 5.4 x 10-4 .65 percent .0096
400 3.2 x 10-4 .79 percent .0305
450 1.8 x 10-4 .68 percent .0594
500 1.0 x 10-4 .50 percent .0704

*Resistivity at mean sample temperature used, assuming

linear temperature gradient.

On the basis of data in Table 5.4.1-2 given in the proposal, the figure of merit
of Bi 2 Te 3 is 2 x 10-3. Assuming an operating temperature span of 2000K and using
room temperature data for thermoelectric power and-resistivity (Table 5.4.1-2), the
power generated is 0.5 watts.

The materials found which generate comparable power are as follows:

MoSi 2 - 2.7 watts
CrS - 0.25 watts
Cu 2 0 - 0.25 watts
W-C - 0.28 watts
C-SiC - 0.11 watts

Of these, MoSi2 is by far the outstanding from a number of viewpoints and is dis-
cussed in detail below:

MOSi2

1.. MELTING POINT

2030 t 500C (Holy. Chem. Bull. cdb-6)
(E)

Decomposes at M.P.

2. TEMPERATURE STABILITY

MoSi2 one of the most stable refractories known today. It is stable in an oxid-
izing atmosphere to 17000 C. Because of this property, it is often used as a coating
material over less stable high temperature materials.[ WAD? TR60-22, Pt. II 76
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3. PREPARATION

A considerable technology has developed in the preparation and forming of this
material. This information is available in manufacturers' brochures.

4. MECHANICAL PROPERTIES

The principal disadvantage of MoSi 2 is its relatively poor thermal shock resis-
tance. Information on this and other mechanical properties is also available from
manufacturers.

5. RESISTIVITY AND THERMAL CONDUCTIVITY

These data are available over limited temperature ranges. Some data are shown
in Figure E-1. The Lorenz number has been measured between 200 - 8000C. It deviates
from constancy by 7%, having a scattering range of 3.83 - 4.09.

6. THERMOELECTRIC POWER

The thermoelectric power has been measured to 6000 C. For the purpose of the cal-
culations below, the data has been extrapolated to 16000 C by use of the equation in
Reference 1, Section E-II of this report. A plot of thermoelectric power versus tem-
perature is shown in Figure E-2.

Needless to say, considerable uncertainty must be attached to the extrapolated
values. In particular, the decrease in thermoelectric power above 14000 C is hardly
acceptable on the basis of the data available.1 In view of the reported properties of MoSi 2, further investigation of this ma-

terial as a thermoelement seems desirable-. It would also appear worthwhile to examine
other materials in the class of refractory hard "metals" for which data on thermoelec-

tric power is not now available.
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APPENDIX F - SEEBECK VOLTAGE AND RESISTIVITY OF "REFRACTORY NETALS"

John R. Gambino November, 1958

INTRODUCTION

This appendix summarizes the results obtained so far on the class of compounds
called refractory hard "metals". This class of compounds is characterized by
their melting points, hardness, and "metallic" electrical and thermal eonductivity.
Although the conductivity is essentially metallic in character, the definite
chemical composition, hardness, and crystal structure indicates some amount of
covalent bonding.

The refractory nature of these materials would allow their use over a large
temperature range. If their thermoelectric power were about the same order as
metals, lOjvolts/°C versus platinum, the power output per unit volume would be
comparable to semiconductors, such as Bi 2 Te 3 with their limited temperature range.

The Wiedemann-Franz ratio for these materials generally is of the order
observed in metals.. For this reason, the study has been concerned primarily with
measurement of thermoelectric power. Since this property is and electrical conduc-
tivity is not independent of state of aggregation, specimen fabrication was greatly
simplified. No attempt was made to densify the specimens. Thermoelectric power
data was almost completely lacking for this class of materials.

An empirical approach was used consistent with a survey type study of this
sort. Materials were selected based on several criteria: (1) availability in
reasonable purities, (2) representative compositions in each of the classes;
borides, carbides, nitrides, and silicides, and (3) materials with representative
resistivities either greater or less than that of the parent metal. For instance,
the resistivity of TaSi 2 is about half that of tantalum while ZrSI. is four times
greater than that of zirconium. Such high resistances could be indications of
semi-metallic behavior. Generally, the non-metal atoms having a much smaller size
than the metal atoms occupy interstitial sites in the lattice. The non-metal forms
Si-Si or B-B linkages in some compounds and these should contribute-to the covalent
nature of bonding and non-metallic behavior. Some compounds were included because
of the possibility of this type of bonding.

MATERIALS

Compounds studied included the following:

1. Borides: ZrB2 , TiB2 , LaB6

2. Carbides: TiC, MoC, Cr3 C2

3. Nitrides: TiN, ZrN, MoN

4. Silicides: MoSi 2 , TiSi 2 , ZrSi 2 , CrSi 2 , Mo3 S' 2

WADD TR60-22, Pt. II 83
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The Cr C2 , TiN, ZrN, MoN, TiSi 2 , ZrSi , CrSi 2 , and No3 Si 2 were prepared by synthesis
from t~e elements. The other composiions were obtained from commercial sources.
Synthesis generally involved cold pressing and sintering or hot pressing powder
mixtures so that frequently the reacted specimen was in a suitable form for
measurement.

Sintering was accomplished in an argon or hydrogen atmosphere; hot pressing
was done in air so that the atmosphere around the specimen was mainly N2 and CO.
Interaction with the graphite molds was minor. The oxide layers which might exist
on the powder surfaces or could develop during synthesis or fabrication was con-
sidered the most important source of contamination.

EXPERIMENTAL METHODS

Sintered compacts were placed between two platinum sheets which had platinum-
platinum 10% rhodium thermocouples attached to their outer surfaces. The tempera-
ture of each surface was measured and the AT obtained by difference. The end
temperatures and the Seebeck emf, obtained by utilizing the platinum leg of the
thermocouple, were measured with a G.E. precision potentiometer. The 4T ranged
from 30 to 500 C depending on the specimen size and the measurement temperature.
The natural gradient of a tube furnace was used to provide the temperature differ-
ence.

RESULTS AND DISCUSSION

i The temperature dependence of Seebeck voltage for typical borides, carbides,
nitrides and silicides were studied in the temperature range 100 to 1000 0 C. The
Seebeck voltages of the borides, shown in Fig. F-l, were uniformly low and on the
basis of reported resistivity and conductivity for these compounds, these materials
do not appear promising for thermoelectric power use. It is interesting to note
that LaB6 contains boron atoms linked in an infinite 3-dimensional network instead
of the interstitial positions occupied in the closed-packed TiB and ZrB B C
which has a similar 3-dimensional network for boron atoms is a emicond&r Kn
contrast to the "metallic" conduction and Seebeck voltage of LaB6 . From these
results, it can be concluded that similarities in bonding cannot be used as the
sole basis for chopsing materials for study. Further work on the borides should be
concentrated on AIB , FeB, and CoB. Boron atoms are linked into layers in AlB2 and
into chains in FeB and CoB.

Seebeck voltages of the carbides, shown in Fig. F-2, are low also. It should
be mentioned that chromium carbide, Cr3 C , has a structure not related to the
parent metal as in interstitial carbides. (In this way, it might be considered
representative of the group Fe, Mn, Co, and Ni carbides.) The carbon atoms form
chain linkages throughout the structure somewhat analogous to B-B in FeB. Another
type of carbide, those containing discrete C atoms, should be considered to
complete the study of carbide structure types. These include Al C and carbides
with the CaC2 structure such as LaC2 , UC., and VC . Their metal~ic luster cnd

conductivity are probably indicative of low Seebeck voltages also.

Interstitial nitrides had typically low Seebeck voltages, shown in Fig. F-3.
Ionic and covalent nitrides are known; examples of the former are Ge N and the
latter BN or Si 3 N . The stability of the ionic nitrides and the hig; ýesistivity
of the covalent n&trides makes it doubtful that such compounds should be investi-
gated.
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Figure F-1: Temperature Dependence of Seebeck Voltage
for Borides.
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Figure F-2: Temperature Dependence of Seebeck Voltage for

Carbides.
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Figure F-3: Temperature Dependence of Seebeck Voltage for Nitrides.
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The Seebeck voltages of silicide compositions are shown in Fig. F-4. The
method of preparation had some influence on the Seebeck voltage; this was also
observed in other classes of refractory metals studied. The differences observed
for CrSi2 can be attributed to loss of one or more constituent by volatilization.
The effects of oxide impurities will be discussed later.

The silicides are the most promising class of materials studied. The Seebeck
voltages are equal or somewhat better than the best high temperature metals. In
addition, the refractory nature and oxidation resistance of this class of compounds
makes them attractive from several standpoints. Molybdenum disilicide, for instance,
is used for commercial heating elements which operate at 1600 0 C. Cladding,
necessary for metals at these temperatures, can be omitted with a considerable
saving in weight.

The disilicides of titanium, chromium, and molybdenum are related structurally
in a very interesting way although the classes of structure are dissimilar,
orthorhombic, hexagonal, and cubic, respectively. All are composed of close packed
layers superposed in such a way to give 10 instead of 12-coordination. The
differences is essentially the number of layers in the repeat unit, 4 in the TiSi2
group, 3 in the CrSi, group, and 2 in the MoSi group. The ten-fold increase in 2
Seebeck voltage could be the result in the subile difference in structure. The
apparent relationship between structure and Seebeck voltage should be verified by
making measurements on isomorphous silicides in the CrSi group, such as VSi 2 and
TaSi , and in the MoSi 2 group such as CoSi . Data on a isomorphous group of m oi)
silicides, CrSi, MnSi, FeSi, CoSi, and NiSi, reported by Russian investigators
indicated a wide variation, -1 to +102, in Seebeck voltages. In this group of
silicides at least, isomorphous relationships are no guide to behavior. The
decrease in Seebeck voltage of Mo3 Si 2 , as well as the data reported by the Russians,
indicate that increasing the silicon content causes loss of metallic behavior.
When the non-metal to metal atomic radius ratio is below 0.59, the non-metal
occupies interstitial positions. In systems with values greater than 0.59, a
metallic character can still be maintained but an entirely different structure
results.

The addition of impurities to silicides with semiconductor properties should
result in changes in the conductivity and Seebeck voltage. Optimization of these
properties can best be accomplished by selecting one or two materials for study.

Auxiliary experiments were performed to determine whether oxide layer on the
particles could be masking the true value of Seebeck voltage. The Seebeck voltage
of oxides of molybdenum, MoO and MoO was found to be less than 10 /V/°C for the

former and 700 /V/ C at 7008C for the latter. Lower oxides, undoubtedly present
to some extent, should not affect the Seebeck voltage measurement appreciably. In
one experiment with MoSi , in which the atmosphere was inadvertently air instead
of inert gas, a very large increase in Seebeck voltage was observed above the
melting point of MoO3 .

FIGURE OF MERIT AND EFFICIENCY

Although electrical and thermal conductivitypequrements were not made for
CrSi 2 , room temperature values have been reported' . By assuming P0K does not

(F-)E. N. Nikitin, Zhur. Tekh. Fiz., 28 23, (1958)
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Figure F-4: Temperature Dependence of Seebeck Voltage for Silicides
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change appreciably with temperature, a tentative figure of merit and efficiency
can be calculated. These values are as follows:

Hot junction temperature T 1300°K

Cold Junction temperature T2  300 0 K

(X avg (/kV/lK) 70.0

, ohm-cm 1.47 x 10'.3

K, watt/cm0 C 0.060,

(°K-l) 5.54 x 105

%-, % 1.35

1-•t1 max.' watts/cm3  1.88

Somewhat higher efficiencies were predicted(Fl) for the same class of materials.
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APPEDIX G - THERMOELECTRIC POWER OF REFRACTORY BoIDnES CARBIDES, NITRIDES, A
SILICIDES

John R. Gambino April, 1959

INTRODUCTION

This appendix summarizes the results of an investigation of refractory carbides,
borides, nitrides, and silicides for thermoelectric generator applications. The
primary objective of this study was to develop materials having desirable proper-
ties for thermoelectric applications. A secondary consideration was to survey
a broad group of materials and establish empirical relationships, whenever
possible, between characteristics of materials and their properties of interest
for thermoelectric applications. Such relationships are necessary in order to
limit the number of compounds which need to be studied.

BACKGROUND

The practical application of energy conversion by means of thermoelectricity
depends primarily on development of an element material which operates with a
reasonable efficiency. The magnitude of the power delivered by an element, shown
in Fig. G-1, is determined by the Seebeck voltage and the temperature difference.
The resistance of the element produces losses due to IR drop and joule heating,
therefore, the resistivity of the element should be as low as possible. The
thermal conductivity should also be low so that a large temperature difference
can be maintained across the element. These properties of the material, Seebeck
voltage, resistivity, and thermal conductivity are related to efficiency by the
following expressions:

Figure of merit Z =(OK) (G-)

where a is the Seebeck voltage, V , is the resistivity (ohm-cm), and K is the

thermal conductivity, watts/°C/cm.

T " T
Optimum efficiency N (7°) - 2 1 (G-2)

Opt T1  m + T2  G
T1

wherem m [1 + 1/2 Z (T1 + T 2

In this study, the evaluation of materials was based almost exclusively on measure-
ment of the Seebeck 5age. The reason for this was that a number of these
materials are known " to have a Wiedemann-Franz ratio of the order observed in
metals. For these cases, the measurement of the Seebeck voltage is sufficient
to evaluate the material. Of course, if a large Seebeck voltage is observed,
measurement of electrical and thermal conductivity is necessary.
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Figure G-l: Schematic Diagram of a Thermoelectric

Generator Circuit.
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The search for materials with favorable thermoelectric properties has been in
progress for many years. Despite concerted efforts in recent years to develop
better materials, not many major advances have been made. Few materials are avail-
able which have efficiencies greater than 1.. A philosophy was evolved in this
study in order that an effort of this magnitude would lead to a significant contri-
bution. The salient features were:

1. Materials or groups of materials should be studied which have not
been extensively investigated in the past.

2. Materials should be studied which are capable of operating at much
higher temperatures than those being currently investigated.

3. Empirical relationships should be developed whenever possible in
order to limit the number of materials for study.

Improvement of existing materials by appropriate doping or changes in stoichiom-
etry is, of course, important in developing a theory and in getting practical devices
since some promising materials are available. The amount of improvement is neces-
sarily limited and the return per unit effort much less than that possible in
studying a new group of materials.

Materials which are capable of operating over a large temperature range, i.e.,
at high temperatures, have an advantage from an efficiency standpoint. The effi-
ciencies of some hypothetical materials with various figures of merit as a function
temperature range are shown in Fig. G-2. Efficiencies result from high temperature
operation comparable to those obtained for materials such as Bi Te having a high
figure of merit but a limited temperature range. It is interesiing to note that
many materials have been studied at low temperatures for low temperature applica-
tions, i.e., Peltier cooling. Materials which are found to be unsatisfactory at
low temperatures become more suitable at high temperatures since the electrical
and thermal conductivity decrease with temperature while the Seebeck voltage is
relatively insensitive to temperature. These materials examined at high tempera-
tures are in a sense "new" materials.

The theory of thermoelectricity has not been developed to the point to provide
much directivity in the selection and improvement of specific materials. Therefore,
an empirical approach was used consistent with the survey nature of this study.
The need for empirical relationships between characteristics of materials and their
properties becomes evident when, as in this study, materials must be selected forstudy from a large number of possible compounds.

MATERIA2LS SELECTION

The class of materials of interest, the carbides, borides, etc., are fre-
quently called, as a group, the refractory hard "metals". These materials are
characterized by their high melting points, hardness, brittleness, and "Metallic"
electrical and thermal conductivity. The properties of some of these materials
are listed in Table G-1. Although the luster and conductivity suggest a metallic
character, the definite chemical composition, hardness, and crystal structure
indicate some amount of covalent bonding.
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Thermoelectric power data was almo ome55ely lacking at the inception of
the project. A number of investigators IMP recently reported data on these
materials. This class of materials had not been extensively investigated previ-
6ualy and are capable of operating at high temperatures, hence, met requirements
(1) and (2) above.

Specific materials were selected based on several criteria: (1) availability

in reasonable purities, (2) representative compositions in each of the classes,
borides, carbides, nitrides, and silicides, and (3) materials with representative
resistivities. Impurities could consist of other metals beside the parent metal,

non-metals other than the desired non-metals, or deviations from stoichiometry.
Metal impurities would effect the resistivity more than the Seebeck voltage if
these materials have essentially metallic behavior. The presence of other non-
metals on deviations from stoichiometry could result in significant changes in
Seebeck voltage. Such effects could best be determined by varying the composition
of a material of interest.

The resistivities of these compounds were sometimes less than that of the
parent metal; others were significantly higher. High resistances could be an
indication of semi-metallic behavior. Some materials were selected because of
the existerce of a particular type of bonding.which could influence the electrical
properties.

MATERIALS AND EXPERIMENTAL METHODS

Representative compounds from each of the classes included the following:

1. Borides: ZrB TiB_, LaB
2. Carbides: Ti , MoC, CrJC2
3. Nitrides: TiN, ZrN, Moe.4. Silicides: MoSi 2$ TiSi 2) ZrSi 2, CrSi 2, Mo3S'2

The Cr3 C2 , TiN, ZrN, MoN, TiSi , ZrSi CrSi , and Mo Si were predared bySsynthesis from the elements. The oiher compositions were obrained from-commercial

sources.* Synthesis generally involved cold pressing and sintering or hot pressing
powder mixtures so that frequently the reacted specimen was in a suitable form for
measurement. Otherwise the material was crushed, re-pressed, and sintered. Spnter-

fing was accomplished in an argon or hydrogen atmosphere. For the very refractory
materials, such as TiCe ZrB d TiB a special induction furnace capable ofoperating to 2000°C was cons~tructed. "Even at these temperatures, densification

and bonding was very slight. Hot pressing of these compositions at temperatures
of 1800 p C and pressures of 2000 psi did not result in densifcatdon. Hot pressing
was done in air so that the atmosphere in the graphite mold was mainly N with some
YO impurity. Temperature and time conditions were regulated to minimize-inter-

action with the graphite molds. The oxide layer which might exist on the powder
surface or could develop during synthesis or fabrication was considered the most
important source of contamination.

As mentioned previously, the property of most interest was the Seebeck voltage.
Since this property is and electrical conductivity is not independent of the state

*American Electro Metals Division of Firth Sterling, Inc., 220 Yonkers Ave.,
• • Yonkers, N. Y.
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of aggregation, specimen fabrication was greatly simplified. No serious attempt
was made to densify the specimens, and most specimens were less than theoretical
density.

Seebeck voltage measurementwere made by placing the sintered compacts
between two platinum sheets which had platinum-platinum 10% rhodium thermocouples
attached to their outer surfaces. The spring loaded holder is described in Fig.
G-3. The temperature at each surface was measured and the AT obtained by the
difference. The end temperatures and Seebeck emf obtained by utilizing the
platinum leg of the thermocogple were measured with a G.E. precision potentiometer.
The 4T ranged from 30 to 50 C, depending on the specimen size and measurement
temperature. The natural gradient of the tube furnace was used to provide the
temperature difference. A number of different specimen shapes were utilized
which varied with the mode of preparation; the length varied from 1.5 to 3.0 cm.

A few room temperature conductivities were measured using a four probe
method (see Fig. G-3). Since this property is sensitive to state of aggregation
and the macro and microstructure varied from sample to sample, the result of
these measurements is subject to ambiguous interpretation.

SEEBECK VOLTAGE OF REPRESENTATIVE CARBIDES, BORIDES, NITRIDES, AND SILICIDES

The temperature dependence of Seebeck voltage of typical borides, carbides,
nitrides, and silicides were studied in the temperature range 100 - 1000°C. The
Seebeck voltases of ZrB2 , TiB2 , LaB 6 , shown in Fig. G-4, were uniformly low,
below 10 ýLV/ C. On the basis of reported electrical and thermal conductivity
and the low Seebeck voltages observed, these materials do not appear promising
for thermoelectric power use. The values of Seebeck voltage of carbides and
nitrides shown in Figs. G-5 and G-6 were low also. The Seebeck voltage of some
silicides, shown in Fig. G-7, were higher than the other classes of materials.
An interesting relationship is apparent from these data. The significance of the
higher Seebeck voltages of the silicides can be understood if the structure of
the refractory hard "metals" is considered. It has been retwizedfhat the
properties and structure of these compounds can be related ' to the ratio
of the non-metal atom to the metal atom radius.

When the radius ratio is less than the critical value of 0.59, the resultant
structure is the normal interstitial type. (This rule has its exceptions,
notably in cases in which the radius ratio is close to 0.59 and the non-metal
concentration is high.) When the radius ratio is exceeded, more complicated
structures result. The new phases can still have 'metallic" properties, however.
The critical radius ratios for compounds of transition elements are shown in
Table G-2. Compounds studied which had a radius ratio less than 0.59 all had
Seebeck voltages of the order observed in metals. The silicides, all of which
have radius ratios greater than 0.59, had high Seebeck voltages in some cases
and low in others.

Some carbides, nitrides, and borides not studied have critical radius ratios
somewhat greater than 0.59. The borides of vanadium and borides and carbides of
chromium, manganese, iron, cobalt, and nickel are among these. Some of these
have B-B and C-C bonding in the lattice which could be further reason for non-
metallic behavior. LaB6 contains boron atoms linked in an infinite three-
dimensional network and yet has "metallic" conduction and Seebeck voltage.
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This behavior also was observed in Cr C which contains C-C linkages.' The
directional variation in properties wguid be evidence of the importance of non-
metal to non-metal bonding. Further effort was directed towards the investiga-
tion of silicides which already had shown some promise.

The silicides for this part of the investigation were prepared by mixing
silicon and metal powders, cold pressing and sintering in an argon atmosphere.
The silicon used, either an impure or a pure (99.95%) silicon, was designated
in each case. The temperature dependence of Seebeck voltage of several disili-
cides are shown in Fig. G-8. A MnSi composition had the highest Seebeck voltage.
The Seebeck voltage of several monosiliciden,,1hown in Fig. G-9 along with the
room temperature values reported by others , were lower than the disilicides.
Solid solutions of the disilicides, shown in Fig. G-10, were intermediate between
the values for the disilicides along. The addition of impurities to the CrSi 2
shown in Fig. G-11 and to the MnSi , shown in Fig. G-12, did not result in signif-
icant increases in the Seebeck voliage. The Seebeck voltage of two types of
silicon are shown in Table G-3.

The room temperature resistivities of CrSi 2 compositions and MnSi 2 composi-
tions are shown in Table G-4 and G-5, respectively.

The maximum Seebeck voltage of the various disilicides along with some
other properties are shown in Table G-6. There appears to be come correlation
between radius of the metal atom and Seebeck voltage. No correlation exists
between crystal structure and Seebeck voltage, however. Thear tal structures
of CrSi 2 , MoSi 2 , and TiSi 2 are related in an interesting way -. The layers
themselves are close-packed, but superimposed in such a way that the whole struc-
ture is not close-packed as shown in Fig. G-13. Each atom has ten nearest
neighbors instead of 12 in cubic close-packed structure. The difference is in
the number of layers making up the repeat unit.

The Tvium Seebeck voltage of monosilicides, along with values reported
by others ' are shown in Table G-7. These data indicate a wide variation
in Seebeck voltage despite the fact they are isomorphous. If similarities in
structure are important, at least impurity effects mask them.

FIGURE OF MERIT AND EFFICIENCY

Using room temperature values of electrical and thermal conductivity(G- 3 ),
a tentative figure of merit and efficiency can be calculated if it is assumed
that the P K does not change appreciably at higher temperatures. The tem r•ure
dependence of electrical and thermal conductivity which has been reported
indicates this is a reasonable assumption. The figure of merit and efficiency
of several silicide compositions are given in Table G-8. These values are
high enough to warrant further investigation of the silicides.
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Table G-1

PROPERTIES OF SOME REFRACTORY CARBIDES, BORIDES, NITRIDES, AND SILICIDES

Resistivity* Thermal Conductivity Melting Point
Compound microhm- -cm watts/cm 0_ c

Carbides: NbC 74 0.14 3500

TaC 20 0.22 3880

TiC 105 0.17 3250

ZrC 63.4 0.20 3175

Mo2C 97 --- 2690

Borides: TiB2 15 - 28 0.261 2980

ZrB2  9.2 - 3868 0.23 3040
87.6 (16002C)

118.2 (2305 C)
139.1 (26350C

NbB2  28 - 65 0.17 2900

TaB 68 - 86 0.11 3000
Mo2B 40 2180

MoB 25 --- 2100

MoB 45 ---

Nitrides: TaN 135 3090
117.3 (2840°C)

ZrN 11.5 - 160 2980
320 (2980°C)

NbN 200 2050
450 (2050 0 C)

TiN 21.7 - 130 2930
340 (2930°C)

*Room temperature unless otherwise specified
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Table G-1 (Continued)

PROPERTIES OF SOME REFRACTORY CARBIDES, BORIDES, NITRIDES, AND SILICIDES

Resistivity* Thermal Conductivity Melting Point
Compound microhm - cm watts/cm PC

Silicides: TaSi 2  8.5 2400

Wsi 2  33.4 --- 2150

NbSi 2  6.3 --- 1950

MoSi 2  21.5 --- 1870IrSi2  --.--- 1570

TiSi2 123 --- 1540

ZrSi 2  161 --- 1520

*Room temperature unless otherwise
specified

Table G-2

RADIUS RATIOS OF A NUMBER OF REFRACTORY CARBIDES,
BORIDES, NITRIDES, AND SILICIDES

Radius Ratios
Metal Si (1.17 A) B (0.87 A) N (0.71 A) C (0.76 A)

Ni (1.24 A) 0.94 0.70 0.57 0.62
Co (1.25 A) 0.94 0.70 0.57 0.61
Fe (1.26 A) 0.93 0.69 0.56 0.60
Mn (1.26 A) 0.93 0.69 0.56 0.60
Cr (1.27 A) 0.92 0.69ý 0.56 0.60
V (1.34 A) 0.88 0.65 0.53 0.57
Mo (1.39 A) 0.84 0.63. 0.51 0.55
W (1.39 A) 0.84 0.63 0.51 0.55
Ti (1.47 A) 0.80 0.59 0.48 0.52
Nb (1.46 A) 0.80 0.60 0.49 0.53
Ta (1.46 A) 0.80 0.60 0.49 0.53
Zr (1.60 A) 0.73 0.58 0.44 0.48
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Table G-3

SEEBECK VOLTAGE OF TWO GRAMES OF SILICON USED IN THE STUDY

Technical Grade Silicon High Purity Silicon
Seebeck Voltage Seebeck Voltage

TVmCerature . Temperature ° ebV0 e

350 - 360* 450 + 300
415 - 325 500 + 370
490 - 300 600 + 310
515 - 260 645 + 290

*Represent the average of at least two values

i
I

Table G-4

ROOM TEMPERATURE RESISTIVITIES OF COMPOSITIONS
BASED ON CHROMIUM SILICIDES

Room Temperature Resistivity**

Material* ohm-cm

CrSi 2  2 x 10-

CrSi 2 + 1% B 3 x 10-3

CrSi2 + 3% Fe 3 x 10-3

CrSi 2 + 3. Mn 5 x 10-3

CrSi 2 + 3% Mo 4 x 10-

CrSi 6 x 10-

*Prepared from high purity silicon
by synthesis from the elements

**Resistivity measurements varied considerably
with treatment. The macro and microstructure
differed from specimen to specimen.
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Table G-5

ROOM TEMPERATURE RESISTIVITY OF COMPOSITIONS
BASED ON MANGANESE DISILICIDE

Room Temperature Resistivity

Material (ohm-cm)

MnSi2  
5 x 10"4

Masi2 (prepared from 2 x 10-3

low purity
silicon)

MnSi2 + 37, B 3 x 10- 3

MnSi 2 + 3V C 8 x 10-3

MnSi 2 + 3% Fe 5 x 10-3

MnSi 2 + 3% Sb 2 x 10- 3

Table G-6

MAXIMUM SEEBECK VOLTAGE OF VARIOUS DISILICIDES

aMaximum Crystal Radius of Layer
Material Seebeck Voltage Structure Metal Atom Repeat Unit

MnSi 2  180 tetragonal 1.26

CrSi 2  120 hexagonal 1.27 3

MoSi 2  30 tetragonal 1.39 2

TiSi 2  10 orthorhombic 1.47 4

CoSi 2  30 CaF2 1.25
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Table G-7

MAXIMUM SEEBECK VOLTAGE OF VARIOUS MONOSILICIDES

Seebeck Voltage Seebeck Voltage
Material Reported in this Study Reported by Russian Investigators

MnSi + 25 + 102 (+ 51)*

CoSi - 46 (-33)

FeSi + 9 (-1)

CrSi + 17 + 5 (+ 10)

118 + 8 (+ 13)

*Values in parenthesis for silicides prepared from technical
grade silicon

Table G-8

FIGURE OF MERIT AND EFFICIENCY OF SEVERAL SILICIDE COMPOSITIONS

MnSi 2  CrSi 2  MoSi 2

T1 , hot junction temperature, OK 1000 1300 1500

T cold junction temperature, °K 300 300 300

d( avg., A.V/*°K 150 70 20

ohm-cm, room temperature 5.4 x 10-4 1.47 x 10- 3  2.15 x 10-'5

0
K, watts/cm K, room temperature 0.06* 0.060 0.47

o l 4 -5 -5Z , (K) ** 7 x 10- 5.6 x 10- 4 x 10-

nopt W% 9.7 1.4 1.2

-mP watts/cm3  5.1 0.83 6.7Vt max."

*Assumed value

**Based on room temperature values of and K

***V is volume of thermoelectric materials assuming
elements 1 cm. in length
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APPENDIX H - SOME PRELIMINARY RESULTS IN THE SUDY Of OXIDE
THERMOELECTRIC GENERATOR MATERIALS

John R. Gambino July 1958

INTRODUCTION

The purpose of this appendix is (1) to summarize preliminary results in the
study of oxide thermoelectric generator materials and (2) to demonstrate the use-
fulness of an experimental technique which has been used to determine the qualita-
tive effects of various parameters in simple but rapid screening tests.

In work on oxide materials reported in the literature, the effect of numerous
additives on the thermoelectric power of several oxides has been investigated. In
addition, the influence of non-stoichiometry has been recognized. The state of
aggregation, such as crystallinity, etc., should not in itself affect thermoelectric
power but should influence electrical and thermal conductivity considerably. In
many instances, thermoelectric power measurements have been used in conjunction with
other types of measurements to elucidate the electronic structure of metal oxides.
The present knowledge of oxidic semiconductors is such that existing theories are
not generally applicable as a guide in developing a thermoelectric material.

The general approach taken in this work is that oxides with high thermoelectric
powers in the pure state can be made more useful for generator applications if the
means could be found to lower the resistivity without lowering the thermoelectric
power. Chromium oxide was chosen for intensive study because its properties obtained
in a preliminary literature survey (based on mismatched data) indicated that it was
most attractive of the oxides for this application. In addition, this oxide was
reported to be a "transition" semiconductor, one containing equivalent amounts of
electrons and electron defects, a class of semiconductors which includes Co3 04 and
CuO, two other oxides of interest for thermoelectric power applications. The con-
ductivity of these materials reportedly increases with additions of high and lower
valency cations. Additives were chosen having ionic radii comparable to Cr3* to
enhance solid solution and included higher and lower valency ions.

MATERIALS AND METHODS

Materials were prepared from C.P. chemicals. Additives were introduced as
oxides or as salts which decomposed on heating into oxides. In experiments designed
to study the time dependence of emf changes with interaction, a slurry of the con-
stituents were agitated in a "Waring Blendor" to attain homogeniety in the product.
Otherwise, the constituents were simply milled, reacted at the appropriate tempera-
ture, and milled again before recycling or pressing.

Pressed compacts coated on opposite faces with platinum paste were placed
between platinum-platinum-10% rhodium foil. Powder samples, used when compacts
could not be easily formed, were placed in vycor tubing between ceramic rods capped
with the foil. The emf was measured with a G.E. potentiometric recorder. The
temperature and differential temperature was measured using platinum-platinum-10%7
rhodium couples. The ends of the differential couples were inserted in magnesium
silicate plates. It was recognized that the differential temperature was subject
to considerable error. Because of the thermal resistance, the values obtained in
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this study were generally lower than those reported in the literature for similar
materials and consistent with the thermocouple placement. Reproducibility was good,
however, and valid comparisons of the behavior of different compositions are pos-
sible since the errors are systematic.

RESULTS

The Seebeck voltage of the pure oxides studied in the temperature range 595 to
9250C are given in Table H-1. The data is for samples heated above 9000 C and
equilibrated thermally as well as with respect to oxygen pressure. Although ther-
mal equilibrium was attained in five minutes, changes in emf due to defect structure
changes required up to one hour In the extreme case, Cu20 heated at 700°C, in-
creased from 400 to 850 V,°Ci in three hours without equilibrating.

The Seebeck voltage per degree of Cr 202 compacts made with various additives
are shown in Table H-2. There is the possigility that some of these additiyes such
as M 0 and CoO did not react completely with the Cr2 03 in the times and temperaturestudfed, since a small change in emf was observed. In other systems, there was a

distinct possibility of formation of a second phase such as a ZnO-Cr 2 O3 when ZnO
was added.

Several reactions of this latter type were studied in order to ascertain the
effect of the second phase on the observed voltage and the time for the reaction to
come to completion. In these studies, the change of Seebeck voltage of compacts was
measured as a function of time. The individual oxides were previously calcined
separately. The results found in the system ZnO-Cr 20 3 and ZnO-Fe 203 are shown in
Table H-3 and H-4. A reaction profile is shown in Figure H-1 for ZnO and Fe 2 03 atI the temperature 7600 C. The change of emf with time appears to follow some simple
relationship, apparently connected with extent of reaction. Some preliminary at-
tempts to derive kinetic data from these results will be described later. X-ray
examination of the products at various stages have been made as an independent
check.

The changes in Seebeck voltage with time of compositions containing 2 mole 7
ZnO are shown in Table H-5. The equilibrium values of these reactions and the pre-
vious ones in a 1:1 molar ratio are summarized in Table H-6. It is evident from
these results that in the temperature range studied, reactions which form a second
phase or diffusion processes are essentially complete in a few hours. The influence
of stoichiometry (and crystallinity) on Seebeck voltage is evident by the change ob-
served on heating uncalcined powders and equilibration (of defects) of calcined
powders. A few selected examples are shown in Table H-7.

Some resistivity measurements were made on pressed compacts of oxides by
applying a known voltage across the sample (using a regulated DC power supply) and
measuring the voltage across a known shunt in series. The resistivity of some com-
positions, such as the Cr2 02 shown in Table H-8, decreased to values for which con-
tact resistance could constitute a large part of the total measured resistance.
This technique must, therefore, be supplemented in the low conductivity ranges by
other methods in which contact resistance can be neglected.
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DISCUSSION OF RESULTS

The measurementsof the time dependence of the Seebeck voltage were made ori-
ginally to detect the presence of a second phase which could effectively mask the
real value of a solid solution. Such a second phase could result from inhomogeniety
caused by poor mixing or slow reactions. The utility of the method for obtaining
the qualitative effects of various parameters and as a screening method become ap-
parent. For instance, impurities should be studied over a wide range of composition
which would necessitate large numbers of sample preparations if a representative
number of oxides and impurities are studied. In systems involving only solid solu-
tions, monotonically increasing or decreasing emf would indicate that no intermediate
concentration of additives having a maximum effect on emf exists. The same qualita-
tive results are possible in studying the effect of non-stoichiometry using an
appropriate atmosphere instead of impurities.

If a large excess of impurities A are added to an oxide B, solid-solution would
be expected until the solubility limit was reached at which time a secondphase
AXBy would appear.

It will be convenient to illustrate the manner in which quantitative interpre-
tation of emf changes is possible based on chemical interaction by using systems in
which a second phase, C, is formed. The measured voltage V as a function of time
can be translated to the dependence of 1C, the thickness of the product layer by the
expression:

Lo - AnA + •B nB- 2C nc

where V° is the initial voltage

A__T is the temperature gradient assumed to be linear
2L°

OCK are the Seebeck coefficients for the reactants andproducts

nK are the number of particles in a line normal to the electrodes

It is assumed that the molar volumes are approximately equal and the contribution of
solid solution is negligible or at least constant. The rate of change might be
reasonably expected to follow a parabolic law, i.e., depend on the thickness of the
product layer. The variation of (V° - V) 2 --,(1C) 2 in the reaction ZnO-Cr 203 was ob-
served to be approximately proportional to time at temperatures about 705 0 C.
Reactions in the system ZnO-Fe 2 O3 appeared to obey a third power rather than a second
power relationship.

Similar treatments can be used in analyzing emf changes which occur during
changes in stoichiometry and reactions involving only solid solution formation.
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TABLE H-1

SEEBECK VOLTAGE PER DEGREE OF VARIOUS OXIDES
AS A FUNCTION OF TEMPERATURE

Seebeck Voltage (pVCl) At Temperature °C

Material 595 650 705 760 815 870 925

Cr 2 03  570 540 530 530 500 490 480

Co304  330 370 440 460 450 480 -

NiO 290 300 320 330 340 370

ZnO - - 30 130 190 -

Cu 2 0 700 850 - 690 - 750

Fe 2 0 3  - 210 200 170 140 110

TABLE H-2

SEEBECK VOLTAGE OF Cr2 03 COMPOSITIONS AS A FUNCTION OF TEMPERATURE

Seebeck Voltage (UV, °C'1) At Temperature 0C

Additive 1 Cation 7% 595 650 705 760 815 870 925

None 570 540 530 530 500 490 480

MgO. 310 310 310 320 320 330 340

CoO 380 - 340 - 330 - 330

ZrO2  190 200 190 250 - -

L.20 - - 230 240 - 240

ZnO - - 320 230 - - -

Sn02  .. .. 280 -

TiO2  .-.. 230
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TABLE H-3

SEEBECK VOLTAGE OF ZnO AND Cr 203 POWDER MIXTURES AS A FUNCTION OF TIME

Seebeck Voltage (,LAV, °C'1)

Time
Min. 716 0 C 7500 C 8160C

1 440 550 390
2 420 490 335
3 405 455 315
-4 395 430 290

1 5 385 420 -
6 380 420 -
7 375 410 280
8 370 400 -
9 365 390 -

10 360 390 -
15 360 385
20 350 375 -

TABLE H-4

SEEBECK VOLTAGE OF ZnO AND Fe 2 03 POWDER MIXTURES AS A FUNCTION OF TIME

Seebeck Voltage (fV,°C 1 )

Time
Min. 6509C 7050 C 7600 c

5 585 - 85
10 - 460 -140
15 - 340 -180
20 - 280 -200
25 230 180 -220
30 220 120 -230
35 - 90 -250
40 200 60 -250
50 180 - -
80 130 - -

100 100 -
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TABLE H-5

CHANGE IN SERUCK VOLTAGE OF ZnO DURING HEATING
WITH 2 MOLE % Fe 2 03 AT 7600 C

Seebeck Voltage (V, °c-l)

Time (Mi.,)

5 210
10 275
15 290
20 295
25 300

!

TABLE H-6

SEEBECK VOLTAGE OF REACTED OXIDE MIXTURES

Seebeck Voltage (jV, *C'l)

Material 590 650 705 760 815 870 925

ZnO + 2 mole % Cr 2 03  - 360 395 400

Cr 2 0 3 + 2 mole ZnO - - 360 -

ZnO Cr 2 0 3  420 - 390 - 360 - 470

ZnO Fe20 3  1- 00 - 255 - 280
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TABLE H-7

EFFECT OF STOICHOMETRY ON SEEBECK VOLTAGE OF SELECTED OXIDES

Seebeck Voltage V, °Cl)

Material ZnO Fe 2 03

Temperature 0C 815 815

Time (Min.)

5 220
10 185
15 160 -

20 150 10

25 140 30

30 140 45
35 130 60
40 120 70

TABLE H-8

RESISTIVITY OF Cr203 AS A FUNCTION OF TEMPERATURE

Temperature OC ,ohm-cm

310 34.0
400 18.0
520 11.0
560 9.7
600 9.0
660 8.0
710 7.5
770 7.0
820 6.5
880 6.0
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APPENDIX I - SEEBECK VOLTAGE AND RESISTIVITY OF COMPOSITIONS BASED ON CHROMIUM
OXIDE

John R. Gambino September,, 1958

INTRODUCTION

This appendix summarizes data on the temperature dependence of Seebeck
voltage and resistivity for compositions based on chromium oxide. Experimental
results obtained primarily to perfect the method of following the time-dependence
of Seebeck voltage will riot be presented here but will be reported on at a later
date. The results will be presented in a manner to show the usefulness of these
compositions as thermoelectric generator materials; the significance of the
results in enlarging on the present knowledge of the electronic structure of
Cr2 0 and the development of compositions based on this knowledge will be
reported later when more results are available.

MATERIALS

Compositions were prepared from C.P. chemicals. Additives were made as
oxides or as salts which decomposed on heating to oxides. Oxide additives
were mixed as an alcohol slurry in a "Waring Blendor", filtered, and dried,
before pressing and heating to obtain reaction.

EXPERIMENTAL METHODS

The pressed compacts were painted with platinum paste for both resistivity

and Seebeck voltage measurements. For Seebeck voltage measurements the samples
were placed between two platinum sheets which had platinum-platinum 10% rhodium
thermocouples attached to their outer surfaces. The temperature of each surface

was measured and the AT obtained by difference. The end temperatures and the
Seebeck emf, using the platinum leg of the thermocouple, were measured with a
G.E. precision potentiometer. The AT ranged from 10 to 50 C depending on the
specimen size and temperature.

A G.E. double bridge was used for measuring resistivity. Four platinum
lead wires were attached to two platinum sheets for this method. This arrange-
ment eliminated lead wire resistance but not contact resistance which can be
neglected in most instances.

The errors inherent in these methods will be discussed in a later section.

RESULTS

Resistivity measurements were made in air between 550 and 15000 C. The
temperature dependence of resistivity is shown for convenience in three parts,
Figure I-1 to 1-3, according to the valency of the additive cation. Thus, the
resistivity of compositions made with cation additives in a valency state greater
than 3 are shown in Figure I-1 and those with cations less than 3 are shown in
Figure 1-2. (The fact that the normal valency in the additive oxide has a certain

WADD TR60-220 Ft. Il 123



600 12-

400

, N

I0 _ • _-T _2 _, _

8"UO2 (U3 0 8 )

2

135 12 II I0 9 8 7 6 5

404

01

Figure I-i: Temperature Dependence of Resistivity
Containing 1 Mole • Additives Having
Valency)>3.

l 10

"WADD TR60-22, Pt. II 124

& 7 -T-I 02-- -- kI



100-__ _ _

80-
6088

20 ---. __",,,,

0

a2

1.4

TX1

I °M

.8 I -MgO- •'--- -

.6 I8-Pb 0

4-L120

17-NI 0

.2 15-CuO

•'13 12 II 10 9 8 7 6 5

•I •-x 104

Figure 1-2: Temperature Dependence of Resistivity
•: Containing 1 Mole % Additives Having
S~Valency -:3.

• WADD TR60-22, Pt. 11 12.5



100

80

60

40

o20-

I00
0 20

101 1-
13 12 II 10 9 8 7 6 5

j T

Figure 1-3: Temperature Dependence of Resistivity Containing 1 Mole %
Additives Having Valency of 3.
(Yz23)

WADD TR60-22, Pt. II 126

I



value does not insure that the cation will exist in the chromium oxide structure
with this same valency.)

In general, cations having a normal valency of greater than 3 tend to increase
the resistivity of the chromium oxide. The primary exception is the uranium added
as uranyl nitrate and decomposed to tetravalent and hexavalent uranium oxide during
heating. The resistivities of compositions made with cations having a normal
valency less than 3, shown in Figure 1-2, were generally less than that of chromium
oxide without additives. Lead oxide had a higher resistivity although it was added
in the divalent state as ?bCrO4.

The resistivity of compositions with trivalent cations are shown in
Figure 1-3.

The effect of various amounts of MnO on resistivity are shown in Figure 1-4.
The resistivity increases with increasing additions of manganese cations.

The effect of oxygen pressure and degree of sintering on the resistivity are
shown in Figure 1-5.

Seebeck voltage results are shown in Figure 1-6 to 1-8. The compositions
having cation additions with valency greater than 3, shown in Figure 1-6, had
Seebeck voltages both greater and less than that of pure chromium oxide. The
addition of cations less than 3 in valency, shown in Figure 1-7, generally caused
a decrease in Seebeck voltage. Trivalent cations, shown in Figure 1-8, had little
effect on Seebeck voltage. In general, the addition of cations to the chromium
oxide compositions had much less effect on Seebeck voltage than on resistivity.

DISCUSSION OF RESULTS

The resistances were of the order of one-half ohm for compositions having
resistivities about 2 ohm-cm. Since the contact resistance cannot be greater than
one-half ohm, correction for contact resistance to the resistivity values greater
than 10 ohm-cm could not be more than 10%. Of course, the low resistivity values
could actually be much lower if the contact resistance was an appreciable part of
the measured resistance.

Efforts were made to increase the density of chromium oxide compositions by
recrystallization (prolonged heating) and hot pressing. Except for compositions
containing appreciable amounts of vanadium oxide, no appreciable shrinkage was
observed after sintering of chromium okide compositions. Sintering proceeds by
an evaporation-condensation mechanism, i.e., the samples retain their initial
pressed density, about 60% of theoretical density. Prolonged heating results
in recrystallization and a decrease in particle-to-particle contact resistance.
But specimens of this porosity cannot have a conductivity much greater than one-
half that of a dense recrystallized chromium oxide specimen.

Recrystallization was not very evident in hot pressed specimens after 20
hours of heating at 1500 C, indicating that solid-state transformation is not as
effective as evaporation-condensation for recrystallization. The high resistiv-
ities of such specimens could be caused by localized high resistance regions at
the grain boundaries.
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The Seebeck voltages reported in this study are somewhat lower than those
reported in the literature (for Cr2 03 ). This is consistent with the placement
of the thermocouples at the outer surface of the end plates. A reasonable
estimate would be that these reported values are at least 10% less than the
real values.

FIGURE OF MERIT AND OPTIMUM EFFICIENCY

Based on presently available data, compositions with copper oxide additions
have the highest figure of merit. Using an average Seebeck voltage of 400 gV/0C,
an average resistivity of about 0.5 ohm-cm and assuming a thermal conductivity
0.1 watt/cm 0 over the temperature range 500 to 1500 0 C, the figure of merit would
be 3.0 x 10 . In this temperature range, the optimum efficiency, 0.27., is one
order of magnitude less than that calculated from data reported in the literature.

It is probable that optimization by varying the concentration and different
placement of the probes to eliminate contact resistance would increase the figure
of merit and optimum efficiency one order of magnitude.

I

I
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APPENDIX J - A STUDY OF OXIDES FOR THERHORLECTRIC GENERATOR APPLICATIONS

John R. Gambino April 1959

INTRODUCTION

This appendix sunmmarizes the results of an investigation of oxides for thermo-
electric applications. Prior to this investigation, a literature search was con-
ductedJ-l) in which it was found that a number of oxides had reported properties
which made them promising as thermoelectric generator materials. In most cases,
however, the data used for calculations of figure of merit or efficiencies were
fragmentary and reported values Varied widely. In the extreme case, values for
electrical resistivity of chromium oxide varied from 103 to 10-3 ohm-cm at approxi-
mately the same temperature.

The choice of materials for study was based on such data. These materials, the
oxides of chromium, cobalt, and copper, have very high resistivities at room tempera-
tures. Because of this, the study was made in the temperature range of about 5000C
to temperature of instability. In the case of Co3 04 , loss of oxygen at 9000C was
considered limiting the temperature range. In Cr 203 , the rapid volatilization of
the material at 1500 0 C .- mited the temperature of the measurements. It is con-
ceivable that these materials could be used at higher temperatures if appropriate
encapsulation was provided. Major emphas~i was placed on the Cr2 03 based composi-
tions since on the basis of mismatched data in the literature, this material ap-
peared most amenable to the improvement.

BACKGROUND

Since the theory of thermoelectricity has not been developed to the extent to
provide directivity, an empirical approach was used in this study. The materials
were chosen on the basis of their reported properties. The objectives -were pri-
marily to examine materials at higher temperature than previously studied and to
obtain both resistivity and Seebeck voltage data on the same samples. In addition,
optimization of properties critical to increasing the figure of merit was sought by
control of the imperfections arising from nonstoichiometry and impurities.

EXPERIMENTAL

Compositions were prepared from CP materials. In oxides (especially the oxides
considered in this study) the electrical conductivity and presumably Seebeck voltage
are more insensitive to impurities than elemental semiconductors such as germanium
and silicon. Because of this, additional purification of these oxides was not con-
sidered necessary.

Additives were oxides or salts which readily decomposed on heating to oxides.
Oxide additives added as oxides were milled, preesed, reacted by heating, and, if
needed, crushed, milled, repressed, and reheated. The oxide additives were some-
times mixed as an alcohol suspension in a "Waring Blendor", filtered and dried
before pressing and heating to obtain reaction. This procedure was followed when
simple milling did not result in satisfactory mixing. Additives of water soluble
salts were made as aqueous solutions, mixed with the base oxide powder, dried slowly
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at 1000C, and then at a temperature which would decompose the salt to the oxide.
These compositions were then pressed and heated to achieve reaction and sintering.
The compact size for cold pressed and sintered specimens was about 6 x 13 x 19 mmn.
Samples were pressed at 10,000 psi.

The ends of the pressed compacts were painted with platinum paste* for both
resistivity and Seebeck voltage measurements. Measurements were made in an appara-
tus schematically described in Figure J-1. For Seebeck voltage measurements, the
samples were placed between two platinum sheets and held in place by spring tension.
Platinum-platinum 107 rhodium thermocouples attached to the outer surfaces of the
platinum sheets were used to measure the end temperatures from which Twas ob-
tained by difference. The emf generated by the sample was measured using the
platinum legs of the thermocouples. A G.E. precision potentiometer was used for
measuring'the voltages. A switching device was incorporated in the system so that
rapid change from one measurement to another could be accomplished. The specimen
and holder were placed in a tube furnace; the natural temperature gradient was used
to maintain a temperature difference. No attempt was made to keep the temperature
difference constant since the natural gradient through the furnace varied with
temperature. The temperature difference was usually 50 + 150C and within this range
no significant variation in Seebeck voltage was observed. The temperature difference
varied with specimen size, position in the furnace, and furnace temperature.
Measurements were made in a tube furnace heated with a MoSi 2 resistance element
which is capable of reaching temperatures of 15500C. A nichrome wound tube furnace
which operated up to 11001C was used for some of the low temperature measurements.

The use of such large temperature differences could result in overlooking a
major change in the Seebeck voltage if it occurred over a short temperature span.
Since the measurements are made at close temperature intervals, the resulting (C
curve is an accurate average for the purposes of calculating the figure of merit
and efficiency.

The specimen was brought up to the desired temperature, held at that tempera-
ture until it equilibrated before the measurement was made.

The same general procedure was used in measuring resistivity. Two platinum
leads were attached to each platinum plate for these measurements. A double bridge
was used for measuring resistivity but because of the placement of the leads, the
lead wire resistance but not the contact resistance was eliminated.

COMPOSITIONS BASED ON CHROMIUM OXIDE

The Effect of Imurities on Electrical Properties

The importanceof impurities on the electrical conductivity of semiconductor
oxides is well known. Hauffe and Block(J- 2 ) reported that the addition of TiO2
caused an increase in the resistivity of Cr 2 03 as shown in Figure J 2. The reverse
behavior was observed for additions qf NiO, Figure J-3.

The resistivity of Cr 2 03 reported by Hauffe and others (J-3,J-4) is shown in
Figure J-4, together with the resistivities observed in this study. The variation

* lianovia Chemical Manufacturing Company, No. 012
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in resiSLivities is undoubtedly caused by the different tteatments used in preparing
the samples and impurities. In this study, no attempt was made to densify the 4
majority of the specimens. Although the sintering conditions were severe, heating
15 hours at 1500 0 C, no appreciable shrinkage and, therefore, densification of the 4.
compact resulted. Attempts to densify Cr 2 03 will be discussed later. If it is
assumed that the impurities added had little influence on sintering behavior, i.e.,
the nicrostructure is determined by evaporation and condensation, the relative
changes brought about by the various additives can be attributed to changes in
electronic structure only.

The influence of impurities on the Seebeck voltage of Cr 0 had not been ex-
tensively investigated. Some pentavalent ions were reported(3 3) to decrease the
Seebeck voltage and cause a change in sign. The objective of this study was to
determine the relationships which exist between the change in resistivity and
Seebeck voltage caused by additions of various additives. For convenience in pre-
senting the data, the additives were classified into those existing in valency
states greater than three, less than three, and those with a valency of three. The
valency of the cation was established from its valency state in the parent oxide.
The valency state in the Cr203 lattice need not be the same as shown by Parravanno

-i• (Ref. J-6).

3 The resistivities of additives having valencies greater than three are shown
in Figure J-5.

The impurities were added as oxides in amounts of 1 mole % of TiO2 , MnO2 , SnO2 ,
ZrO2 , CeO2 , U02 , and V205 . The valency of these metal ions except uranium and
vanadium is four in the parent oxide at least. Most of these additives resulted in
increases in resistivity. Compositions containing MnO2, SnO2, ZrO2 , and CeO2 had
resistivities about three times that of undoped Cr 2 03 . The TiO2 -Cr 20 3 composition
was two orders of magnitude greater at 10000C. The two oxides which had lower re-
sistivities than the undoped Cr 203 were those which existed in pentavalent and hexa-
valent states in the parent oxides. The effect of the vanadium oxide could have
been due partially to liquid phase sintering as evidenced by the shrinkage observed
in this composition. The cations which had the least effect on the resistivity,
Ce+4 , Sn+4 , Zr+4 had somewhat larger ionic radii than Cr3+ so that the concentration
used could have exceeded the solubility limit for these cations. The effects of

j these additives on the Seebeck voltage shown in Figure J-6 were similar to those on
resistivity, i.e., in the cases in which an increase in Seebeck voltage was ob-
served, an increase in resistivity was also observed. The Seebeck voltage or re-
sistivity was not measured at temperature about 1500 0 C in which intrinsic
conductivity appeared to occur. At these temperatures, vaporization is so rapid
that the utility of the material is doubtful.

The resistivities of additives having valencies less than three added in con-
centrations of 1 mole % are shown in Figure J-7. The resistivities of compositions
containing Mg2+ and Pb2+ were slightly higher than that of undoped Cr 2 03 ; those
containing Li+l, Co2+, and Cu2+ were lower than that observed for undoped Cr2 03.
The magnesium and lead were added as the chromate, and the lithium, nickel, ana
copper were added as nitrates. The temperature dependence of Seebeck voltages for
these compositions is given in Figure J-8. A decrease in Seebeck voltage was ob-
served which corresponded qualitatively with the decrease in resistivity. The
addition oi a trivalent additive had little effect on the resistivity or Seebeck
vol tage.
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Assuming that the thermal conductivity is unaffected by the use of additives,

it is apparent that the only significant improvement in O occurs with the lower

valency additives. Further optimization of the properties, i.e., increase in __2

could be achieved by varying the amount of impurity used for doping. The
resistivity-temperature values for different amountsof MnO2 additives are shown in
Figure J-9. The same data plotted as resistivity versus percent of MnO2 for various
temperatures is shown in Figure J-10. The resistivity versus percent of NiO and
CuO are given for various temperatures in Figures J-11 and J-12. The resistivity,
as well as the Seebeck voltage, generally decreased with impurity content. None of
these compositions had resistivities low enough to indicate that-Cr 2 03 might be
useful as a generator material.

Effect of Densification in the Resistivity of Cr2 03

Since the reported values of resistivity were very much lower than those ob-
served in this study, an attempt was made to densify Cr 2 03 compositions. Because
of its high vapor pressure, it is likely that the Cr2 03 powder sinters by an
evaporation-condensation mechanism which does not result in shrinkage. Very little
shrinkage was observed during the sintering of all of these compositions with the
exception of those containing V2 05 additives. In order to achieve theoretical
densities, a number of possible approaches were used:

(a) Sintering with concurrent application of stress.

(b) The use of a "reactive" powder which would allow diffusional
sintering to occur before the vapor pressure becomes appreciable.

(c) The growth of single crystals from the vapor phase.

A standard hot pressing procedure was used. This involved filling a graphite
Sdie with the powder, pressing to 2000 psi at room temperature, heating the die by

induction to the temperature desired with application of pressure to maintain 2000
psi, and holding at the desired temperature until no further reduction in pressure
was noted. Hot pressing was 6one in air in the temperature range 1350 to 17500 C.
The atmosphere in the die cavity was, therefore, primarily nitrogen with some CO
likely.

The optimum temperature was found to be 16500 C. Below this temperature,
theoretical densities could not be obtained in reasonable times, and at higher
temperatures chromium carbide formation was extensive. The carbide formation was
removed by oxidation and grinding. In general, the increase in density did not
result in any significant permanent decrease in resistivity. On the contrary, some
of the compositions with additives had higher resistivities when hot pressed into
compacts having close to theo:retical density. The resistivity of various composi-
tions prepared by hot pressing are shown in Table J-1 with those prepared by cold
pressing and sintering. The low values observed for some hot pressed specimens were
markedly changed by prolonged exposure to oxidation at high temperatures (shown in
parentheses). When the resistivity was not reduced by such treatment, the Seebeck
voltage was found to be very low. The explanation for this increase in resistivity
resulting from the hot pressing treatment is not immediately obvious. The relatively
short heating time used in hot pressing could prevent grain growth and, hence, grain
boundary resistance would be higher. For the same reason, diffusion of the impuri-
ties might have been inhibited so that the impurities remained at grain boundaries.
The reducing atmosphere could be responsible also.
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Attempts to densify the Cr 2 03 compositions were not successful. "Reactive"
powders prepared by low temperature decomposition of salts did not densify during
sintering. Attempts to prepare single crystals by condensation of Cr 2 03 vapqrs did
not result in crystals large enough to measure.

The role of microstructure in determining the resistivity is complex unless the
grain boundary effects are discounted. The oxide, when heated for long times at
high temperatures, is changed from particles in contact into large crystals with
much fewer grain boundaries. The geometry can be approx:imated as a continuous
phase containing isolated voids. From geometrical considerations, a -body of this
type having 60% of theoretical density would have about twice the resistivity of a
dense body. The exact increase would depend on the distribution and shape of pores.

The next case which can be considered if the role of the grain boundary is
neglected is where evaporation and condensation have been proceeding to the extent
that the radius of the contact area between grains is a small fraction, 1 to 10%,
of the original grain size. Such a body would have about five times the resistance
of a dense body.

The relative values of resistivities of samples, heated under different con-
ditions, are shown in Table J-2. The agreement between the observed resistivities
and those calculated from geometric considerations are evidence that grain boundary
resistance is. negligible in these samples. These data also indicate that the values
for sintered but porous bodies are not so different from that of a dense body. Much
lower resistivities are necessary to make Cr2 03 attractive for thermoelectricS~ applications.

The change in resistivity as a function of atmosphere is shown in Table J-3.
Changes in oxygen pressure did not have much effect on the resistivity. The treat-
ment in a hydrogen atmosphere did cause a significant increase in resistivity. The
reason for this increase is not understood. The samples treated in hydrogen were
measured in an inert atmosphere because of the side effects hydrogen has on the
platinum alloy thermocouples. The use of more than one additive did not result in
any marked changes in Seebeck voltage or resistivity. Some of these results are
shown in Table J-4. The values generally were intermediate between those obtained
for the additives added singly. It would seem the effect of one was counteracted
by the presence of the other.

COMPOSITIONS BASED ON COBALT OXIDES

Cobaltic oxide was another oxide which had reported properties which indicated
some promise for development of this oxide into a usable generator materia An
tensive investigation of compositions based on cobalt oxides was conductedi- , -§r
in the past. A combination of several additives was found to show the most improve-
ment in properties. This study was limited to 7000 C, and the effect of stoichiometry
was not investigated. Also the amounts of additives used were made in such large
amounts that it is likely that more than one phase existed.

The study of these compositions undertaken here had as its objective the investi-
. gation of stoichiometry and selected additives in influencing the properties of

interest. Cobaltic oxide, Co3 04 , used in the preparation of the compositions loses
oxygen on heating; at 900 0 C the composition becomes CoO. The properties as well as
the crystal structure of these two compositions are different. The cobaltic oxide
was heated and sintered at either 870 or 11000C to give nominal compositions

WADD TR60-22, Pt. II 151

____ __ _ ___ ____ __
-|



corresponding to Co304 or CoO. The cobalt oxide, CoO prepared at 11000C, did not ap-

pear to absorb significant amounts of oxygen during heating in air below O100C.

The resistivity of these oxides measured in an air and argon atmosphere is shown
in Figure J-13. The resistivity of the cobalt oxide, CoO, measured in air drops off
rapidly at temperatures below 9000C and then increases at temperatures above 9000C.
The resistivity measured during cooling was lower than that observed during heating.
These hysteresis effects were not evident for the Co304 compositions or CoO heated in
argon.

The Seebeck voltage of CoO was about twice that of Co304 as shown in Figure J-14.

A sharp decrease in Seebeck voltage was observed for CoO heated in air at temperatures
above 8000 C. This behavior and the anomalous increase in resistivity at around 9000C
suggests that compositional changes were occurring due to absorption of oxygen.

A more careful study of the weight changes Co3 04 and CoO undergo during heating
in air was made by heating powders in an automatic recording balance. CoO powder
gained weight during heating in air in the temperature range 800 to 9000 C, but lost
the weight gained during the heating up at 9000C and above. The C0304 gained a small
amount of weight during heat-up starting at 7700C, (indicating it was not quite
stoichiometric Co304.) but started to lose weight rapidly at 8800 C. A constant weight
was attained during holding the sample a short time at 960. The weight gain of CoO
can be attributed to oxygen absorption which resulted in the decrease in Seebeck
voltage and resistivity which occurred in this temperature range. By analogy with
the FeO - Fe 3 04 system, there is probably an extensive solid solubility in the CoO
C0304 system.

I4 The Seebeck voltages of CoO compositions containing various impurities are shown
in Figure J-15. Additives of I mole % NiO, Cr203, Ti02, and V20 5 caused an increase
in the Seebeck voltage. Since these measurements were made in air, the decreases ob-.
served at the higher temperatures can be attributed to oxygen absorption also. The
Seebeck voltage of CoO was not changed appreciably by the addition of magnesia, but
an addition of 1 mole % lithium oxide resulted in much lower Seebeck voltage, 100
,AAV/°C in the temperature range 300 to 9000 C. The addition of lithium also caused a

Sdecrease in Seebeck voltage of Co304, shown in Figure, J-16. The Seebeck voltage of
C0304 containing I mole 7 V2 05 decreased from 440 AV/OC at 4000C to 190 AtY/IC at
9150 C. No hystersis effects were noted on cycling the 0o304 compositions.

The resistivity of a number of C0O and C0304 compositions containing various ad-
ditives is shown in Figure J-17. The addition of lithium resulted in the lowest re-
sistivity.

OTHER OXIDE COMPOSITIONS STUDIED

Cuprous oxide had been studied by a number of investigators(J'lO, J-l). The
Seebeck voltage and resistivity were measured over a wide temperature range and under
different pressures of oxygen. Although the properties of this material reported by
these investigators indicated it had some potential usefulness as a generator ma-

* terial, the properties were very sensitive to deviations from stoichiometry brought
about by exposure to different atmosphere conditions. Because of this, it was felt
that the effect of impurities would be too difficult to study in this investigation.
Work was limited to some preliminary measurements of Seebeck voltage shown in Table
J-5, along with those obtained for some other oxides.
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The measurement of Seebeck voltage of molybdenum trioxide was made at temperatures
above its melting point also. Although a large amount of uncertainty in the values ob-
tained was caused by the difficulties associated with measurement of this volatile,
corrosive liquid, the Seebeck voltage did not appear to decrease above the melting
point. The resistivity of the liquid was about one ohm-cm at 8500 C.

FIGURE OF MERIT AND OPTIMUM EFFICIENCY OF OXIDIC COMPOSITIONS

The figure of merit and efficiency of oxide compositions are shown in Table J-6.
Thermal conductivity measure ents were not made or reported in the literature. Be-
cause of the low value of C obtained, a much lower value of thermal conductivity
than that assumed would noTincrease the figure of merit sufficiently to make these
compositions of interest for generator applications.
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TABLE J-1

EFFECT OF HOT PRESSING ON THE RESISTIVITY OF Cr203 COMPOSITIONS

Resistivity; ohm-cm
Temperature mole % NiO

(oc) 0.01 0.1 1.0 5.0

cold hot cold hot cold hot cold hot

pressed pressed pressed pressed

690 ...-- -- 3.1 43.2 0.89 4.1

760 -- 17.3* 26.8 78.0 2.4 24.8 (60.0) 0.78 2.0
870 -- 12.7 18.8 59.0 2.0 14.8 (25.2) 0.71 1.2
980 -- 9.8 16.5 35.6 1.9 9.6 (23.1) 0.67 0.8

1090 -- 7.8 9.3 22.6 1.8 7.0 (16.0) 0.64 0.7
1200 -- 5.7 7.9 16.0 1.6 5.0 (10.4) 0.62 0.5

1320 -- 3.5 7.5 10.1 1.6 2.8 (6.0) 0.60 0.3
1430 -- 2.7 7.2 4.3 1.5 1.9 0.60 0.2

*All hot pressed specimens heated in air for 1 hour at
13000 C. Values in parenthesis are for samples heated
in air an additional 24 hours.

TABLE' J-2

EFFECT OF HEAT TREATMENT ON THE RESISTIVITY OF Cr203

Heat Treatment Resistivity at 9800C
(ohm-cm)

1/2 hr. at 1500 0 C 29
15 hrs. at 1500 0 C 19
42 hrs. at 1500 0 C 15
Fused in oxy-gas flame 12
Hot pressed 0.3*

*Not affected by heating in air although low Seebeck

voltage indicated some interaction to form carbides.

TABLE J-3

EFFECT OF AJMOSPHERE ON THE RESISTIVITY OF Cr203 COMPOSITIONS

Resistivity in Atmosphere
Temperature Resistivity in Air

Composition (0 c) Air Argon Hydrogen

Cr203 870 1.0 1.1 5.6

Cr203 870 1.0 1.0 3.6
17. UO 2  760 1.0 2.2 4.9

1% CuO 1200 1.0 1.1 2.1

1% MnO 2  870 1.0 1.6 2.3
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TABLE J-4

EFFECT OF MIXTURES OF ADDITIVES ON THE SEEBECK VOLTAGE

AND RESISTIVITY OF Cr203

Seebeck Voltage Resistivity
Additive (AiV/c) (ohm-cm)

1% Mn02 480 110
17. Li2O 390 10
17. MnO2 + Li2O 330 38
17. CuO 345 0.9
1j CuO + LU20 365 4.2

TABLE J-5

SEEBECK VOLTAGE OF VARIOUS OXIDES AS A FUNCTION OF TEMPERATURE

Seebeck Voltage (AKV/ 0C) at Temperature ( 0 C)
Material 595 650 705 ' 760 815 870 925

NiO 290 300 320 330 340 370 -

ZnO - - 30 130 190

Cu20 700 - 850 - 690 - 750
Fe 2 03 - - 210 200 170 140 110
M 0O03 - - 700 - - - -

TABLE J-6

FIGURE OF MERIT OF OXIDIC CCMPOSITIONS

Cr203 Cr203 + 1% Nio Cr20 3 + 5% NiO

TI, hot junction temperature, 1400 1400 1400
oK

T2. cold junction temperature, 650 650 650
OK

C, avg. /yy/ox* 450 300 100

ohm-cm 15 1.7 0.7

K, watts/cm°K (assumed) 0.1 0.1 0.1

Z, OK1  1.35 x 10"7 5.3 x 10"7 1.4 x 10"7

4estimated above 11000 C
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APPUNDIX K - s OF 0 USMM S OF RSSISTIVITY SZX com BecU re OF
MERRITES AnTD ITM Al Z MATm8 I 1000

Philipp H. Klein July 1959

ABSTRcT

The electrical resistivities and Seebeck coefficients of a number of oxidic
semiconductors are presented for the temperature range 25 - 10000C. For the
materials exhibiting the highest values of S2 /• , additional measurements were taken
after the specimens were partially reduced. S ecimens of strontium titanate, doped
with niobium and with antimony, were examined for their stability to reduction by
heating in a vacuum. Although none of the compounds investigated are currently
suitable for application in thermoelectric devices, it is concluded that additional
study of the effects of doping on the ferrite and titanate systems may lead to some
promising materials for high-temperature uses.

INTRODUCTION

There can be little doubt of the virtue of precise measurements, as functions
of temperature, of the electrical resistivity, the Seebeck coefficient, and the
thermal conductivity of any material which is being considered for use in thermo-
electric power generation. Given these three properties, it is possible to calcu-late the figure of merit, Z, which is defined by

where S is the Seebeck coefficient (sometimes called the thermoelectric power),
is the electrical resistivity, and k is the thermal conductivity. When Z is pre-
cisely known over a range of temperatures, the optimum-performance of a thermoelec-
tric generator operating within that temperature range can be predicted with
accuracy.

Competing with the desire for precision in the measurement of the factors
entering into the figure of merit is the frequent wish for a rapid method for their
estimation. The gross effects of alteration of the composition of a material may
be more important, for the moment, than a detailed knowledge of individual values.
The investment in time and care entailed in precise measurements may be unwarranted
by their practical value. It is therefore important that a method be devised which
will enable the investigator to select the most promising of the materials at his
disposal for careful scrutiny of their properties. If the technique can be so con-
trived that it yields data of moderate precision while also performing the function
of rapid screening, both the academic and practical ends can be served.

The determination of the sign, magnitude, and temperature dependence of the
Seebeck coefficient is relatively simple. Measurement of the of magnitude of the
electrical resistivity and its variation with temperature is also accomplished with
relative ease. En the case of thermal conductivity, however, the measurement
technique becomes quite complex at temperatures above 3000 C, and may become an end'
in itself at 1000 0 C. Fortunately, the electrical properties can be evaluated con-
secutively in the same apparatus. Small changes in composition can be expected to
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produce a larger change in these properties than in the thermal conductivity, in
this temperature range. Therefore, when provided with the electrical behavior of
his materials, the investigator may decide to undertake the measurement of thermal
conductivity, or make a rough estimate of the figure of merit.

DESIGN OF EQUIPMENT

Two different sets of equipment have been employed, both of which permit the
measurement of the resistivity and Seebeck coefficient of two or more specimens,
from room temperature to 1000C, in the course of an eight-hour day. The first
apparatus constructed was a modification of a two-probe resistivity-measuring fix-
ture. An improved equipment, in which the resistivity is determined by the more
reliable four-probe method, was used for the later measurements. Both incorporate
such desirable features as the rapid placement of samples, rapid changes in temper-
ature, and easy establishment of the desired temperature difference across the
sample (for measurement of the Seebeck coefficient). For simplicity, complicated
thermal shielding has been eliminated. Finally, both devices employ standard elec-
trode materials which are chemically inert, and both permit measurement in a con-
trolled atmosphere or vacuum.

In the original equipment - dubbed a 'two-probe S-P meter' - rapid temperature
changes were made possible by the use of a radio-frequency heater and a pair of
graphite susceptqrs as the source of heat. As is shown in Figure K-1, a tempera-
ture difference of five to ten degrees could be maintained across the sample by
vertical motion of the coil of the induction heater. To minimize the effects of
convection in the residual gases in the bell-jar, the upper cylinder was always
kept at the higher temperature. Although there was no thermal shielding, the use
of flat plates or cylinders as the sample shapes reduced the effects of thermal
radiation from the specimen.

Figure K-2 shows the sample and electrode assembly of the two-probe system in
some detail. Platinum was sputtered over the entire sample, and carefully abraded
from the edges. Sputtering was selected as the means of electrode application in
preference to painting because of the possibility of contamination by the non-
metallic portions of paints or pastes. The sputtered electrodes were placed in con-
tact with the platinum foils indicated in Figures K-l and K-2, to which thermo-
couples and voltage probes have been spot-welded. There results an electrical cir-
cuit consisting solely of the sample itself and platinum conductors. As a result-,
all Seebeck coefficients determined are directly referred to the standard material,
platinum.

The measuring circuit employed with the two-probe model is shown schematically
in Figure K-3. Seebeck voltages were determined with the switches in the position
shown in the drawing. For this measurement, the potentiometer was connected to the
sample by means of the wires '1V and '2'. The temperatures of the opposite faces
of the specimen were measured within seconds of the Seebeck-voltage measurement,
using the thermocouples shown in Figure K-2.

In order to measure the resistance of the specimen, the switch connecting the
voltage source to the measuring circuit was closed, and the voltages developed
across the sample and across the standard resistor were determined. Because of the
limited range of the particular potentiometer used, neither of these voltages ever
exceeded 15 millivolts.
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Since ionic migration may become appreciable at higher temperatures, there is
always the possibility that the specimen may exhibit the properties of a galvanic
cell. To avert misleading observations resulting from this phenomenon, the direc-
tion of current flow was reversed and a second set of data imnmediately taken. If
the apparent resistance with the current reversed differed markedly from the initial
value, and changed rapidly with time, electrolytic action was suspected. A differ-
ence in, apparent resistance which is not subject to a time-variation is indicative
of a rectifying contact either between the sputtered electrodes and the specimen or
between the platinum foil and the sputtered contacts.

An obvious failing of any two-probe method for the measurement of resistance
is the introduction of contact resistances (shown in Figure K-3 as CR1 and CR2).
Because of this, the resistance and resistivity data derived by its application
must be considered as maxima. Experiments on pieces of different thicknesses and
of identical composition and cross-section have shown that, for the systems inves-
tigated, the contact resistances were less than five per cent of the observed re-
sistance of the thinnest sample. It should be pointed out, in addition, that the
method was conceived as a means of determining the value of making more accurate
measurements on a given material. When viewed in this light:, it can be seen that
the unlikely presence of excessive contact resistances can only cause rejection of
the material for further study, and cannot result in over-optimistic estimates of
its worth for thermoelectric applications.

In order to permit more complete interpretation of the data obtained with the
S-F meter, a four-probe model was constructed. The principle of its design is shown
in Figure K-4. The sample was a flat, oblong plate, on which four dots of platinum
were sputtered (through a mask) to serve as electrodes. Four thermocouples make
contact wilth the electrodes, the platinum leads also serving as portions of the
electrical measuring circuit. For measurement of the resistivity, the two outer

leads were used as current leads, the inner pair being the voltage probes. Despite
the fact that the current leads are placed on a side of the plate, Smits(K'l),
following the calculations of Uhlir(K•2 ), has shown that proper selection of the
dimensions produces results which can readily be corrected to give excellent agree-
ment with measurements made by more conventional methods. If the dimensions indi-
cated in Figure K-5 are so selected that t:w:d::l:2.5:10, the correction is less
than one per cent. It can be readily seen that only a small error results from the
use of the circular electrode spots, provided that their diameter is kept to less
than 0.1w. It was found quite feasible to prepare samples which meet these geomet-
ric requirements, when t, the thickness, is 0.5 cm, or less.

To simplify placement of samples in the four-probe assembly, the schematic
location of the thermocouples in Figure K-4 was inverted, so that the specimen rests
on the thermocouple beads, as is shown in Figure K-5. A chief advantage of this in-
version is the fact that it is not necessary to disturb the thermocouple leads when
changing samples. The dimensions of the Lavite heater-core are such that samples
are automatically placed in contact with the thermocouples when placed inside the
core.

It will be noted that resistance heating was used in the four-probe device,
rather than induction heating. The change was made because of several factors.
First, measurements made in the original equipment gave indications that chemical
reduction was effected by the presence of hot graphite in the bell-jar. Second, the
size of the specimens requires that more stringent precautions against temperature

WADD TR60-22, Pt. II 166

I



I SPUTTERED ELECTRODE

IT H E R M O C U P L E ý ý ý l ' ' I ll i lý ý i l l l I• ~w.

w..

Figure K-4: Sample Placement in Four-probe S-p Meter

WADD TR60-22, Pt. II 167L



-- Z IRCONIA

SAMPLE

SPUTTERED
I I ELECTRODE

THERMOCOUPLE I II I

MAIN UIjIR
HEATER 1  I EAE
WINDING I IWINDING

-LAVITE
CORE

ZIRCON IA
SHELL

Figure K-5: Exploded View of Four-probe Apparatus

WADD TR60-22, Pt. 11 168



S* ........ . . ..... t+ • ••• • • ,.nq • +• - -. -•e vesm • o

I I

inhomogeneities be taken.. By surrounding the specimen with a heater, and placing
both heater and sample in an insulating container, greater control over local varn-
attons in temperature could be obtained. Finally, decreasing the thermal inertia
of the system was highly desirable. The rate of cooling of the resistance-heated
device was found to be about twice that of the system employing the large graphite
susceptors.

At one end of the Lavite heater core, in Figure K-5, can be seen an auxiliary
heater winding. The purpose of this winding was to introduce a temperature differ-
ence between the outermost electrodes, in order to measure the Seebeck coefficient.
It was possible to maintain the temperatures of all four electrode spots within one
degree of one another, at 10000C, using only the main heater. With the auxiliary
heater, temperature differences of between five and ten degrees could be produced
across the electrodes with the widest separation. It thereby became possible to
measure the resistivity of the sample under isothermal conditions, while yet being
able to impress small temperature differences for determination of the Seebeck co-
efficient. This degree of versatility was not available with the two-probe equip-
ment.

DISCUSSION OF TYPICAL RESULTS

In order that a material be considered for thermoelectric applications, it is
almost essential that the quotient, S2/ 9 , be at least 10-5 -10- watt/cm-°iK2 . To
meet this criterion, a material with a resistivity of 1 ohm-cm must exhibit a See-
beck coefficient of 1000 microvolts/°K. To satisfy the requirement with a material
whose resistivity is 0.01 ohm-cm, the Seebeck coefficient need be only 100 micro-
volts per degree. Materials currently employed in thermoelectric devices have See-
beck coefficients of about 100-200 microvolts/°K and resistivities of the order of
10-3 ohm-cm, throughout the temperature range of their use. This corresponds to an
S2/ ratio of 10-5 to 4 x 10-5 watt/cm-OK2 .

SWith these criteria in mind, it can be seen that the materials whose properties

are depicted in Figures K-6 and K-7* are clearly not suitable for utilization of
their thermoelectric properties. Although the electrical resistivity of the iron
titanate tends toward the useful range at high temperature, the Seebeck coefficient
is too low to lend promise to the material. The shape of the log F-1/T curve ob-
tained with 957. BaTi03 + 57. BaFe0 3 is an apparent contradiction to an empirical
rule established by Parker(K- 3 ). He found that semi-metallic behavior in a low
temperature range and semiconducting properties at elevated temperatures are found
only in materials whose resistivity is less than 4 ohm-cm at the temperature of
transition from semi-metallic to semiconducting behavior..

The seventy-fold exaltation of the apparent resistivity at the transition point
is not completely ascribable to contact resistances. Flaschen and van Uitert(K 4),
in a series of room-temperature measurements, showed that the apparent resistivity
with evaporated-gold electrodes was less than one order of magnitude greater than
the 'true' value. Sputtered platinum electrodes may be expected to have an effect
similar to that of evaporated gold films, at room temperature. At elevated temper-
atures, one would expect the effect to be diminished, if slight diffusion of the

*All of the data displayed in Figures K-6 and K-7 were obtained with the two-probe
S- e Meter.
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electrode metal into the surface layers of the ceramic were to take place. This ma-
biguity is absent from data obtained with the four-probe equipment.

Some of the ferrites whose properties are displayed in Figures K-8 and K-9
come slightly closer to meeting the criteria for thermoelectric utility. It is
interesting to note that the discontinuity in the log P -1/T curve for the undoped
nickel-zinc ferrite takes place at the temperature of transition frgm p-type to
n-type conduction. A similar phenomenon was observed by Volger (K-) in his study
of a series of ferromagnetic oxides. In the R-type region, the pure nickel-zinc
ferrite has an activation energy for conduction of 0.31 ev, which agrees with the
observations of Parker(K-6). Van Uitert(K-7) found that negative carriers pre-
dominate in nickel-zinc ferrites when the Fe: 0 ratio is greater than 2:4. Since
the present work involved the heating of the samples in a vacuum, it is likely that
this stoichiometric ratio would be somewhat greater than 0.5. The well-known diff-
iculty of reduction of manganese-bearing ferrites makes its positive Seebeck to-
efficient seem consistent with this picture.

The Curie temperature of the undoped nickel-zinc ferrite was determined prior
to the present measurements, and found to be about 515 0 C (793 0 K). This corresponds
quite closely to the temperature at which the slope of the log P -1/T curve and the
sign of the predominant carriers change. This observation would seem to contradict
the observation of Parker(K-3,K-6) that, in nickel-zinc ferrites, the discontinui-
ties in the log p -1/T curves do not take place at the magnetic transformation
temperature. However, Parker found that all his materials were p-type, which fact
suggests differences in oxygen content between his samples and those of the present
investigation.

The data presented in Figures K-8 and K-9 indicate that doping of ferrites -

either by addition of specific doping agents or by slight reduction - sigaifi-
cantly improve the prospect of utilizing the materials for thermoelectric appli-
cations. Additional study of the stability of the reduced and doped compounds
would be necessary before any other conclusions can be drawn.

Figures K-10 and K-11 portray results obtained on some oxidic compounds of
barium, cobalt, chromium, and titanium. Their high resiativities and low Seebeck
coefficients eliminate them from consideration for further study. The curves are
presented here mainly for their academic value.

Both models of the S-• meter are ideally suitable for the study of the
effects of vacuum-reduction without physically disturbing the specimen or exposing
it to the atmosphere. Taking advantage of this feature, the effects of initial
purity on the properties of reduced strontium titanate were investigated. Weise and
Lesk(KX8) found that the resistivity of strontium titanate decreases by as much as
seven orders of magnitude, upon reduction in hydrogen. Losses in weight accom-
panying this great change in electrical resistivity amounted only to 0.23 per cent.
Using an optical technique and working with single crystals of extremely pure
strontium titanate, Gandy(K- 9 ) has obtained evidence of marked enhancement of the
reversible rate of oxygen diffusion in this material over that in chemically-pure
strontium titanate. The effects of vacuum-reduction on the electrical resistivity
and Seebeck coefficient of the ultra-pure materials had not been measured, however.

The two-probe S-O meter was used to compare the resistivities and Seebeck co-
efficients of ceramic oodies prepared from chemically-pure strontium titanate (TM.,
Inc., CP grade) and ultra-pure material (obtained from the research laboratories of
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the National Lead Company). Ceramic bars of both degrees of purity were pressed
and fired at 1450 0 C, the CP bars in air, the ultra-pure bars in oxygen. All fired
specimens exhibited a density which was 94-96% of the theoretical value (5.12
g/cm3 ). Reduction took place in the measuring equipment, and was effected by
heating to 1050-1080oC and pumping with the diffusion pump. At the end of the re-
duction period, the sample was allowed to come to equilibrium with its gaseous en-
vironsent and the series of measurements taken. The results are shown in Figures
K-X2 and K-13.

It is evident, from the resistivity data in Figure K-12, that the reduction of
ultra-pure strontium titanate takes place more readily than does that of CP
material. Despite the fact that there was no attempt made to reduce it during the
initial measurements on the ultra-pure specimen, its resistivity is one or two
orders of magnitude lower than that of the CP sample after more extensive reduction.
As can be seen from Table K-l, the CP sample, after only half an hour of vacuum-
reduction, showed a discontinuity in its logP -1/T curve. At 10000 K, its resis-
tivity was nearly equal to that of Weise and Leak's specimen after its first reduc-
tion in hydrogen(K- ). Its low-temperature activation energy was only one-tenth
that of the Weise and Lesk specimen after its first reduction. In accordance with
the observations of Gandy(K- 9 ), the activation energies and resistivities in the im-
purity-conduction region are appreciably lower for the strontium titanate of higher
purity. The resistivity is not quite so nearly constant, however, as the values
obtained from measurement of a CP specimen which had been extensively reduced in a
hydrogen atmosphere.

Examination of the Seebeck coefficient data (Figure K-13 and Table K-l) shows
that that property is increased by reduction, particularly at higher temperatures.
The reason for the larger values exhibited by the vacuum-reduced material is not
obvious. Nor does any explanation come to mind for the low Seebeck coefficient of
the hydrogen-reduced CP strontium titanate.

From F gure K-12 and Table K-I, it is evident that, as vacuum-reduction pro-
ceeds, the resistivity of the ultra-pure strontium titanate approaches a limiting
low value. If this observation is correct, the limiting value could be taken as the
lowest resistivity attainable by introduction of oxygen vacancies into the material.
Since it would be necessary to diminish the resistivity by two or three orders of
Smagnitude for strontium titanate to become interesting for thermoelectric purposes,
it does not appear that vacuum-reduction alone is a suitable method.

On the other hand, if sufficient amounts of a known impurity were introduced,
it might be possible to lower the resistivity to the desired range. With this in
mind, samples of ultra-pure strontium titanate were prepared, in which one per cent
additions of niobium and of antimony were incorporated. These impurities were
selected on the basis of their radii, as well as because of their known tendency
toward the pentavalent state. If pentavalent ions are substituted for the normally-
tetravalent titanium ions, it was thought, some of the titanium ions would have to
adopt the trivalent state, in order to preserve electrical neutrality. This situ-

* ation would lead to a greater tendency toward "super-exchange", with a consequent
decrease in the resistivity.

Figure K-14 shows the results obtained for the two doped samples, and compares
them with the CP, ultra-pure, and hydrogen-reduced specimens which had been examined
previously. Evidently, the two impurities behave in different fashions. The anti-
mony behaves in the manner expected: the carriers introduced by its incorporation
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TABLE K-1

THE DEPENDENCE OF THE ACTIVATION ENERGY FOR CONDUCTION
ON TIME OF REDUCTION OF STRONTIUM TITANATE

Reduction
Time at Applicable Resistivity at
10500 C, Activation Temperature Discontinuity,
payrs _ Energy. ev Range. OK ohm-cm

C.P. Strontium Titanate

0.5 0.12 288 - 630 10,700
0.49 630 - 1300

1.5 0.18 287 - 738 1,450
0.44 738 - 1300

2.5 0.18 285 - 785 1,350
0.43 785 - 13001 4.5 0.25 292 - 748 410
0.35 748 - 1300

Hydrogen- -0.014 291 - 1300 4.0 at 740 0K
Reduced

Ultra Pure Strontium Titanate
0. 0.045 307 - 760 15.8

0.14 760 - 1300

1. 0.041 307 - 940 11.0
0.32 940 - 1300

2. 0.034 307 - 920 9.8
0.29 920 - 1310

3. 0.034 310 - 925 9.6
0.28 925 - 1300
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do not prevent the vacuum-reduction of the strontium titanate, and there is an
additional decrease in the resistivity. Niobium, on the other hand, results in a
material intermediate in its resistivity between the CP and the ultra-pure material.
On attempting to reduce it by heating in a vacuum, the niobium-doped sample in-
creased in resistivity to values which were indistinguishable from those of the un-
reduced CP strontium titanate.

No immediate explanation comes to mind for the behavior of the niobium-doped
specimen. From the curves of Figure K-12, it appears that the "locking-in" of
oxygen by the presence of impurities (as reported by Gandy(K- 9 ) takes place in the
Nb-doped sample to an extraordinary extent. It would require further experimen-
tation to ascertain the mechanism of the process. Regardless of the mechanism of

,the process, it is evident that these few experiments on doping of strontium
titanate have not produced materials meeting the requirements for application to
thermoelectric devices.

None of the materials investigated can be classed as immediately useful for
thermoelectric generator applications. (See Tables K-2 and K-3). However, with
additional study and modifications of the composition, it may be possible to effect
sufficient improvements in the properties of some classes of compounds to make it
worthwhile to determine the thermal conductivity. Doped nickel-bearing ferrites
would be likely materials in which such improvements could be wrought, as might
antimony-doped strontium titanate.

The equipment developed in the course of this investigation appears adequate
both for the purposes of screening materials and for studying small changes in

resistivity and Seebeck coefficient. The speed of the four-probe S-P meter is
sufficient to permit three samples to be studied with ease in a day. With slight
modification of the holders for the electrical leads, sample placement can be sim-
plified and reliability of performance increased.
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TABLE K-3

ACTIVATION ENERGIES FOR CONDUCTION OF MATERIALS STUDIED

Applicable Resistivity at
Activation TemperatUre Diseontinuity, Resistivity

Composition Energy, ev _ange. OK ohm-cm at 10000K

BaFe 0 300 - 1100 15 16

BaFe12O19  1.33 1100 - 1300

BaFel2019

+ 50 mol % 0.245 300 - 1300 1.25

BaTiO3

FeTiO3  0.988 650 - 1260 --- 20

95 mol% BaTiO3  0.705 736 - 1260 --- 7000

+ 5 mol% CuSnO3

2CoO.TiO2  0.86 300 - 850 --- 14

2Cr 2 03 .TiO2  0.40 300 - 950 300 --
0.44 950 - 1300 --- 255

!
CoTiO3  1.01 300 - 835 --- 80.0

BaCoO3  0.31 300 - 1100 --- 1.6

Ni7ZnFe240 48 0.13 300 - 700 2.5
0.31 770 - 1300 --- 0.9

2BaO.Fe 2 0 3  0.45 300 - 1300 --- 305

Ni 4 Zn3Fel8O36 0.07 300 - 1300 --- 0.52

+ 5 mol7 Co203

MnFe 2 04  0.176 300 - 840 0.395 -.

0.536 840 - 1250 --- 0.107

NiFe2O4 0.008 400 - 1100 0.220

first run

NiFe2 04, 2nd run 0.005 300 - 1100 0.135

SrTiO3 : *

with 1% Sb, 1st 0.006 700 - 1100 --- 4.6

with 1% Sb, 2nd 0.006 700 - 1100 --- 4.0
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TABLE [-3 (continued)

Applicable Resistivity at
Activation Temperature Discontinuity, Resistivity

Composition Energy, ev Range, OK ohm-cm at 10000K,

with 1% Nb, 1st 0.223 300 - 1200 9.9

with 1% Nb, 2nd 0.49 630 -1200 500

* The data on un-doped SrTiO3 will be found in Table K-1.
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APUEND L- SUMKARY OF THERMOELECTRIC INVESTIGATIONS a W[ AMA
INTERNETALLIC AND LIQVID ZUOCTR

1. Fiacher-Colbrie May, 1959

ABSTRACT

The development of an encapsulation 0 technique allowing the production of
thermoelectric cells operable up to 1450 K has been described. Furthermore, the
synthesis and encapsulation of intermetallic and liquid semiconductors and alloys
has been reported. Measured data on Seebeck coefficients, electrical resistivi-
ties, and calculated figures of merit versus temperature have been presented.
PbTe and Zn-Sb show performance characteristics extended to considerably higher
temperatures than shown in the state of the art. Pb-Sb and InSb exhibit interest-
ing properties at high temperature in the liquid phase. Measurements have been
carried beyond the melting point of the encapsulated material; thus numerous novel
data have been obtained.

INTRODUCTION

The tasks

1.5 - Intermetallic Semiconductors and
1.6 - Liquid Semiconductors

have been treated in a combined form since most of the work is common for both
tasks.

The investigation on this study program has been concerned with materials and
enclosures to be used in the temperature range of 300°C to 1000°C. Intermetallic
semiconductors have been known as potential thermoelectric generator materials for
some time. However, progress in solid state physics in recent years had led tot better knowledge of the laws governing the transport processes inside a solid
state body. Although a method for the "engineering" of optimized properties of
thermoelectric materials still is not available, guidelines for the selection of
materials have been established. As guidelines, the following may be considered:

1. A band gap of the order of 0.2 - 1.0 electron volt, or a band gap which
adjusts itself to such values at the operating temperature due to its T-dependence.

2. A carrier concentration of'the order of 1019 carriers per cubic centi-
meter which is still below, but close to, degeneracy.

3. A thermal conductivity of suitably low values which may be adjusted or

tailored by any possible means which do not affect seriously the other established
properties.

These guidelines, however, become more and more uncertain if it is desired to
predict the thermoelectric properties of alloys or materials at high temperatures
in the liquid phase or materials which are possibly liquid at the hot end of a
generator cell and solid at its cold end.
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Since more thermoelectric materials appear to be available for the
temperatures from 300 0 -650 0 C (which represents the lower half of the established
temperature range), it seemed reasonable to be more concerned with the selection
and investigation of materials suitable for 600 -1000°C temperatures. These
temperatures represent the upper and less explored portion of the temperature
range. The encapsulation, specially developed for this contract, introduces a
new set of requirements on the selection of materials, and some deviation frost
originally selected materials appeared necessary since vapor pressures, meltifg
points, and corrosion problems enter the picture.

PROPOSED WORK ON INTERMETALLIC AND LIQUID SEMICONDUCTORS

In the original proposal dated April 4, 1958, and in Exhibit A of the Tech-
nical Management Report No. 8 of September 3, 1958, the following tentative list
of solid compound semiconductors was selected for their potential high temperature
performance:

Compound Melting Point

Lead sulfide 1114°C

Cadmium sulfide 1750°C

Cadmium telluride 1041 0C

Gallium antimonide 7060C

Gallium arsenide 1240°C

Indium phosphide 1017°C

Lead telluride 917°C

It is fully expected that encapsulation will be a necessary prerequisite for
successful experimentation with these compounds at high temperatures. It had
been planned to select three compounds from this list and to synthesize, dope,
seal, and measure them. It is also expected that synthesis of new materials with
improved properties will be directed by results obtained.

The encapsulation is an obvious prerequisite for the liquid semiconductors.
For this portion of the contract, it had been proposed that the initial phases of
the study would consist also of the synthesis, doping, sealing, and measuring of
liquid materials. It has been suggested that mercuric selenide, an alkali metal
chalcogenide, or some other compound shall be studied. The results again should
direct synthesis of new and improved materials.

EXPERIMENTAL WORK

Encapsulation and Sealing Techniques

The temperature requirement of 10000C as the upper operating temperature
limit for intermetallic and liquid semiconductor materials and cells introduces
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a considerable amount of stability problems. The encapsulatiul, r' all the
materials which shall be operated above their melting point is unavoidable. The
encapsulation may be useful for materials which are not to be used in the liquid
phase but which tend to change their properties if not encapsulated and exposed
to high temperatures for a longer period of time. Such property changes may occur
by diffusion, dissociation, oxidation, evaporation, or the like. As long as the
vapor pressure of the compound investigated is below atmospheric pressure at 1000°C,
no special provisions have to be considered in regard to the mechanical strength
of the cell.

It is our firm belief that an encapsulation for intermetallic semiconductor
materials is a potential advantage and that the investigation of the thermoelec-
tric behavior of selected materials in the encapsulated state may yield valuable
results. In a well designed enclosure, the tendency toward deterioration of the
thermoelectric properties due to instabilities appears suppressed. Because of
this, it may be expected that the encapsulated material may be useful to higher

temperatures than the material without enclosure.

Any enclosure must reduce the over-all efficiency of a thermoelectric generator
because the heat conduction in the enclosure material allows heat to bypass the
thermoelectric material. By choosing optimum geometry for each cell, however,

9' this heat loss can be kept or brought down to a few per cent, (for example 3% to
5%) of the total heat. This optimization has been disregarded in the experimental
program up to the present time since the main objective has been the basic enclosure
development and stud of the behavior of enclosed materials.

The first type of enclosure pursued in our development is a quartz glass
vessel or a quartz glass tubing provided with molybdenum electrodes. Both
molybdenum and quartz withstand the upper temperature requirements of 1000 C.
Regular quartz-to-metal seals require graded glasses to match differences of
expansion coefficients between the electrode metal and the quartz. The low
softening points of such graded glasses (below 10000C) inhibit the high tempera-

t ture application.

Molybdenum foils or ribbons of the order of 0.0025 cm thickness lend them-
selves to non-graded seals to quartz. Molybdenum wires have been hammered down
to such ribbons and sealed directly to quartz. Two cells of this kind are shown
in Figure L-l, one provided with two electrodes and one with four electrodes.
Although many useful data have been obtained from such cells, their design has
many disadvantages, especially if they are to be used as cells for a thermopile
generator. Accurate temperature measurements which are extremely important for
exact thermoelectric data, especially for Seebeck coefficient measurements, are
very hard -to make on such a design.

Furthermore, only molybdenum can be employed as electrode material, whereas
a variety of electrode materials appears desirable. The low expansion quartz
glass also contributes a certain risk in view of the generally higher expansion
coefficients of the core materials added to the inherent danger of breakage of
glass enclosures.

Most of the disadvantages of the quartz-molybdenum cell have been overcome
by 'the development of the metal-ceramic enclosure. This type of cell consists
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Figure L-1: Encapsulation in Quartz Glass Vessel.

Figure L-2: Encapsulation by Sealing to Ceramics.IL . ~ WADD TR60..22, Pt. 11 192____



of a ceramic tubing such as Forsterite or alumina provided with sealed-on metal
electrodes. The basic sealing technique developed for vacuum tubes by Beggs
has been modified to permit the encapsulation of thermoelectric materials.
Certain metals like titanium and copper, or titanium and nickel, titanium and

iron, or nickel and zirconium form alloys which are reactive with the ceramic
part. Thus, a bond can be produced by locally creating eutectic proportions of
the two metals. The sealing temperature depends upon the eutectic points of the
two metals. Since 1000°C has been established as the upper temperature limit fo•
this investigation, the titanium,-iron combination which forms a eutectic at 1055 C
has been favored.

This sealing technique has been used successfully to produce most of the
cells investigated. In a further development, this technique can be extended to
higher sealing temperatures and therefore to higher operating temperatures of the
sealed cell, if so desired. High melting metals, such as molybdenum or tungsten,
also can be sealed to ceramics although they form alloys with the active metals
only at extremely high temperatures. In order to seal high melting metals to
ceramic, it is necessary to sandwich two shims between the high melting metal and
the ceramic. The two shims or foils can be, for example, a titanium and a nickel
shim or a titanium and an iron shim which form their eutectic alloys at around
10000C and thus provide a solder between the high melting metal and the ceramic.

It can be seen that a large variety of electrode materials can be sealed to
ceramics using this technique. Hence, a variety of problems introduced by the
intermetallic or liquid semiconductor in contact with the electrode material can
be solved.

Figure L-2 shows several such cells, provided with two or more electrodes
and produced as described. The multielectrode cells are made by sealing sets of
washers to the ceramic tubings or by sawing slots into the tubing and inserting
and sealing an electrode into these slots. The cell geometry chosen for the
material investigation is different from the geometry of cells to be used in a
thermopile. It is quite certain, however, that such changes in geometry will not
require any basic change in the sealing technique. The following are several
advantages of this enclosure technique.

The contact area between the active material and the electrodes can be made
large, thus providing good electrical and thermal contacts. This advantage, in
turn, leads to a higher accuracy of temperature measurements and, therefore, to
more accurate Seebeck coefficient data than in the quartz molybdenum design
initially described. The expansion coefficients of the electrodes and the ceramic
body can now be brought to a much better match. Furthermore, the expansion
coefficient values of the cell match now better the values of expansion coefficient
of the material investigated. The expansion coefficient olpure iron and the
expansion coefficient of comnercially available Forsterite lie just within the

*J. E. Beggs, IRE Transactions of the PGCP, Volume Cl-4, No. 1, March, 1957.

"*For example, Alsimag 243, American Lava Company.
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tolerances determined by the geometry chosen for the experimental cell. For
other geometries, however, a better match may be necessary. In this event,
Forsterite bodies of higher expansion coefficient will have to be used. Such
Forsterites have been developed by the General Electric Company

This type of cell can be used to encapsulate a variety of intermetallic
materials, especially if their expansion coefficients are not too different from
that of iron. For low expansion materials, low expansion ceramics must be used
in connection with low expansion electrode materials. Examples of this are the
alumina containers provided with molybdenum electrodes sealed to the container by
means of nickel and titanium foils or shims. Ways of circumventing expansion
problems, however, can be considered here.

To obtain information on the upper temperature limit at which a Forsterite
iron type cell can be operated, a mechanical stability test has been performed
for 30 minutes which showed that mechanical destruction occurs at temperatures
higher than 1220 0 C at which temperature the seals proved to be stable.

Electrode Corrosion Tests

Another requirement imposed on the ceramic and electrode materials is their'
stability in contact with the solid or liquid thermoelectric material. The
electrode and the active material should wet well but still should exhibit only
slight solubility which means that hardly any electrode material should diffuse
into the thermoelectric material.

One of the basic requirements for a satisfactory encapsulation is the
selection of an electrode material which is sufficiently stable in contact with

the thermoelectric material even if the latter one is in the liquid state. At
the same time, this electrode material must lend itself to the adopted metal
ceramic sealing technique. An experimental search was undertaken to find suitable
contact materials. A small amount of each of the compounds selected previously
was vacuum sealed in small quartz phials together with samples of potential
contact material and then heated above the melting point for three to five hours.
After cooling, the phials were opened and the electrode material inspected as to
its corrosion status, electric surface resistance, and change of weight.

A list of electrode materials is given here which have been considered in
these tests:

Chromel A Palladium
Chromel P Platinum
Chromium Platinum + 13% Rhodium
Gold Stainless Steel 304
Inconel Steel (cold rolled)
Iron + 40% Cr Tantalum
Iron (pure) (Armco) Titanium
Kovar Tungsten
Molybdenum Zirconium

C. G. Childs and E. Duderstadt - G.E. Receiving Tube Department - GE Report
#R-57 ETR-6.
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It should not be assumed that each compound has been tested in contact with
each electrode material since certain predictions and published data permitted
the elimination of a considerable number of combinations.

In Table L-1 the results of the stability experiments are given. Listed are
the compound, its melting point, and three choices of electrode materials. It
must, of course, be recognized that there is no guarantee that those materials
which passed this type of test will also stand up for long-time operations. They
merely indicate that these combinations appear to be sufficiently stable for the
measurements in mind.

TABLE L- 1

List of High Temperature
Contact Materials to Thermoelectric Materials

Compound Melting Point Choice of Contact Material
(alloy) °C 1st 2nd 3rd

CdTe 1041 Mo Fe ---

GaSb 706 Mo Ta ---

GaAs 1240 Mo W --.-

PbTe 917 Mo Fe Ti

HgSe sublimes Cr Cr-Fe

Sb Se 611 Mo Fe ---
2 3

As 2 Se3  360 Fe Mo ---

Bi-Sb 390 Fe Mo Ti

Ge + 5% Te 929 W ---....

GeTe 725 W ---

HgTe 650 Mo Ta W

InSb 530 Fe Mo ---

Pb-Sb 290 Mo ......

ZnSb 565 Mo Fe Ti

Materials

The materials originally proposed to be investigated in Tasks 1.5 and 1.6 of
our proposal have been listed in Column I of Table L-2 as #1-9. This selection
has been performed prior to the development of the encapsulation technique and was
because of this reason obviously subject to changes. Under numbers 10-18 either
substitutes or "other" materials are listed which became important as the work on
the contract went on; for example, by a shift of emphasis to high temperature
materials. The possibility of such changes has been indicated and anticipated in
the proposal.
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In Column II the materials are listed which actually have been synthesized
in our laboratory for the purpose of further investigation, whereas Column III
shows the materials for which results on corrosion tests have been obtained. In
Column IV the materials are listed which have been encapsulated at the closing
date of the work.

Rough screening tests have been performed on the materials in Column V of
the table, whereas in Column VI and VII the materials are listed for which either
Seebeck coefficients or resistivity data versus temperature or both have been
obtained in the encapsulated state.

Highly pure gallium and gallium arsenide have been received very recently
and, since the deadline for this report had been advanced by three months, no
time was left to investigate the two gallium compounds, i.e. gallium arsenide
and gallium antimonide except for corrosion tests carried out in GaSb to determine
the suitability of electrode materials.

TABLE L-2

Materials and Work Done

I II III IV V VI VII
Materials Materials Corrosion Materials Rough Seebeck Resistivity
Proposed Synthesized Tests Encapsulated Screening Coefficient Measurement

Measurement Taken

1. PbS PbS PbS
2. CdS CdS CdS
-3;-. CdTe CdTe CdTe CdTe

4. GaSb GaSb GaSb

5. GaAs GaAs* GaAs

6. InP InP

7. PbTe PbTe PbTe PbTe PbTe PbTe PbTe

8. HgSe HgSe HgSe HgSe

9. Alk.Chalc.

10. Sb2Se3 Sb2Se3 Sb2Se3 Sb 2Se3 Sb 2Se3

11. As2Se As2Se As2Se As2Se As2Se

12. Bi-Sb Bi-Sb Bi-Sb Bi-Sb li-Sb

13. Ge + 5% Te Ge+ 57. Te

14. GeTe GeTe

15. HgTe HgTe

16. InSb InSb InSb InSb InSb InSb

17. Pb-Sb Pb-Sb Pb-Sb Pb-Sb Pb-Sb Pb-Sb

18. ZnSb ZnSb ZnSb ZnSb ZnSb ZnSb

*Obtained from outside.
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Since both gallium arsenide and gallium antimonide are of considerable interest,
results of their investigation may be a Valuable contribution to the over-all
results on this contract.

To date no work has been done on indium phosphide.

Due to lack of time, also, no work has been done on any of the alkali
chalcogenides.

At the time of the termination of our work, we carried the development of
the encapsulation technique only to the point of using iron electrodes sealed to
Forsterite. Although we do not anticipate serious problems, the further develop-
ment of cells in which, for example, molybdenum or any other metal than iron is
required in contact with the encapeulated material as electrode metal has not
been carried out experimentally yet. Therefore, several materials such as Ge-Te
or GeTe, HgTe or HgSe have not been encapsulated.

PbS, on the other hand, shows a limited chemical stability in vacuo at
elevated temperatures. Its encapsulation would be again of a different type,
the development of which was postponed.

In case of HgSe we hesitated to encapsulate this material in what we called
a "regular" capsule since its vapor pressure may lead to undesired breakage at
high temperatures. A specially reinforced capsule is indicated. Time was not
available to produce such a capsule, and RgSe therefore has not been followed up
further as of now.

In almost all cases, the compounds or alloys have been synthesized by
enclosing the constituents in the desired proportion in evacuated and sealed
quartz tubings and by heating the constituents above their melting point in a
subsequent firing process. The materials have been handled in a so-called dry
box in which an oxygen free atmosphere has been maintained, thus reducing the
exposure to air and humidity to a minimum. After the firing step, the quartz
enclosure has been opened and the material processed into a cell. This step
again has been carried out in the oxygen-free atmosphere. The cell itself then
has been sealed in vacuum. The purity of the constituents, although known,
varies for the different materials and is dependent on the availability. The
metals arsenic, bismuth, germanium, lead, tellurium, antimony, selenium, and
zinc have been obtained as 99.999% pure whereas cadmium, gallium, mercury,
indium, and sulphur have been obtained as either 99.99% pure or even less. The
impurity introduced during processing may be impurities coming from quartz or
Forsterite. There is also a possibility that some titanium or iron may be present
in one or the other materials. Oxidation has been kept to a minimum since nitro-
gen has been used as an atmosphere for the handling processes. Impurities added
are mentioned later during the discussions of the individual compounds.

f Measurements

Of the data which characterize the over-all thermoelectric quality of a
material, the Seebeck coefficient with respect to platinum and the resistivity
have been measured versus temperature. In order to calculate the figure of
merit, thermal conductivity data have been taken from publications or from
reasonable extrapolations of such data. The measurements on the encapsulated
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materials are made for the purpose of experimentally scanning a group of potential
compounds or alloys in their solid and liquid phases.

In accordance with the philosophy of a scanning type of measurement, and in
order to avoid duplications with other portions of this contract, it did not
appear worthwhile to put excessive effort into setting up elaborate and expensive
measuring equipment. It appeared useful to find a reasonable compromise between
time and effort versus extreme accuracy. With the rather modest setup used,
accuracieT in the order of t 12% could be obtained for the Seebeck coefficient
data and 1 7% for the resistance data. Such accuracy is sufficient to draw con-
clusions for applications and for further work.

The measurements were taken in a tubular furnace provided with two separate
heater systems, each of which had been controlled independently. Thus, a desired
temperature difference could be established. This temperature difference could
be reduced to zero or reversed, if so desired. For the sake of a simple and
reliable setup, means for keeping the temperature perfectly constant while taking
the readings have been omitted, and the readings have been corrected for the
temperature change during the measuring process by interpolation. The setup has
been tested by a standard cell which had the same physical and thermal properties
as a regular cell but contained platinum instead of a material with unknown thermo-
electric properties. The thermoelectric data of platinum are well known and there-
fore could be taken from tables and compared with the data obtained in the measuring
setup.. Correction factors have been established since small reproducible differ-
ences of the measured values and the catalogued values have been found for platinum.

These correction factors are temperature dependent and their existance and
necessity can be explained by a small incorrectness of the temperature measurement
inherent in the otherwise useful design of the cells since the thermocouples can-
not be placed exactly at the most desirable points.

0
Since a small temperature difference of, for example, 10 between T. and

Tf_•= is desirable to calculate the Seebeck coefficient, a temperature graaient
from the point measured on the electrode and the inner portion of the cell of0
only I on each electrode will produce an error in the Seebeck coefficient of
20%.

In our case, we found the numerical values for the correction factor to be
1.07 at 300°C up to 1.17 at about 1000C.

Furthermore, we produced a setup as shown in Figure L-3 in which the thermo-
couples have been placed on or very close to the- desired points of the cell,
thus being able to read true or very close to true temperature readings since the
thermal requirements of the cell design appear pretty much fulfilled. Using this
setup for measurements, we found the Seebeck coefficients measured to be in their
expected ranges without applying correction factors.

Since the design of this type of arrangement, however, is not practical for
the bulk of our work, we preferred to apply arithmetical corrections instead of
complicating the run of our investigation unnecessarily.
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Since during the preparation of the cells all the materials investigated
were heated up to and above the melting point, good bonding was produced between
the active and the electrode material. As a consequence very low contact resist-
ances were obtained. The absolute values of the contact resistances were found
to be so low that they were disregarded in the material resistivity data. The
resistivity data therefore include two negligibly small contact resistance values,
one on each end of the cell.

Material Data

Lead Sulfide

Processing of the synthesized lead sulfide, especially the attempt to
encapsulate it into a cell, leads to dissociation of the lead sulfide material.
It would riot be etated that the material cannot be encapsulated, but certainly
some modification of the technique appears necessary. To date, no further attempt
has been made to modify the encapsulation process in order to make the enclosure
of lead sulfide possible. The resistivity of lead sulfide is inherently high, and
it may be rather difficult to reduce this value to limits useful in thermoelectric
generator applications. Since the material does not readily meet present encapsu-
lation requirements, the work on PbS has. been placed on a list of tentative later
work.

Cadmium Sulfide

The statement just made for lead sulfide holds also for cadmium sulfide.
Cadmium sulfide has a melting point of 17500 C. A melt, however, can only be
obtained if a pressure of 100 atmospheres or more is present; otherwise the com-
pound dissociates and sublimes. A relatively large effort would be required to
encapsulate cadmium sulfide in a cell. The requirements set by the cell techniques
again are not met by cadmium sulfide. Cadmium sulfide is also a compound of very
high resistivity. No further attempt, therefore, has been made as of now to
produce cadmium sulfide capsules. Investigations of the compound in the state of
sintered crystalline powder may be interesting and appears possible.

Cadmium Telluride

This compound has a rather high expansion coefficient and therefore
causes some problems in the present Forsterite enclosure. Its resistivity is
also high. Work on CdTe reached the study of encapsulation at the termination
of this work.

Gallium Antimonide

Since the constituent gallium has been received just recently, no data
can be presented now. From a small amount of gallium which was available at the
beginning of this work, gallium antimonide has been synthesized and used for
corrosion tests. These tests indicate that molybdenum appears to be a useful
contact material. To introduce Mio, however, into the standard iron-Forsterite
cell, certain cell development appears necessary such as double seals.
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Gallium Arsenide

No work on gallium arsenide can be reported since gallium was received
only a short time ago. Gallium arsenide as a compound has been obtained from
outside the General Electric Company during the compilation of this report.

Indium Phosphide

Since the synthesis of this material is inherently more difficult than
most of the other compounds, work has been postponed. It still is active on the
list for further investigation.

Lead Telluride

This compound has been rather thoroughly investigated in the encapsulated
state. The specific material used has been n-type doped with 0.17 bismuth. A
total of six cells have been made. In Figure L-4 data on resistivity are presented
and in Figure L-5, the Seebeck coefficient versus temperature. The resistivity
first rises with increasing temperature up to 10500K and then drops rapidly until
the melting point is reached. The Seebeck coefficient-temperature relationship
starts at surprisingly low values but rapidly reaches a maximum at 1000 K, then
begins to drop rather rapidly to zero and becomes slightly politive beyond the
melting point. In Figure 6 the figure of merit Z, equal to S /IK, is plotted
versus temperature. The values for this curve were calculated using the resis-
tivity and Seebeck coefficient data measured and using phonon conductivity data
which were obtained by the extrapolation of published information . Whereas the
electronic portion of the thermal conductivity can be calculated reasonably well,
the estimate of the phonon conductivity appears to be not as simple, especially
if the temperature of the-material approaches the melting point or even is meas-
ured in the molten state. One can see in Figure L-6 that the figure of merit
shows a rather broad maximum between 7000 and 10000 K. On the same diagram, the
figure of merit is plotted for what may be called the state of the art. Our
results appear to be a considerable improvement on the state of the art in which
the Z values drop above 450 K and measurements beyond 820 K cannot be made on
lead telluride due to sublimation. The encapsulation, however, allowed measure-
ments beyond 800 0 K and showed surprisingly good results above this temperature.

Mercury Selenide

This compound has been selected as a potential material for the liquid
semiconductor group. It has been synthesized, and corrosion tests have been run.
An electrode material stable in contact with liquid mercury selenide is, for
instance, tantalum. The introduction of tantalum, however, requires some further
work on the Forsterite-metal enclosure. Changes in the enclosure technique are
required to use this electrode material. Such work has been postponed in favorf of work on uaterials which can be enclosed readily in what we call a standard iron
Forsterite cell. A reinforced cell also may be necessary.

For example, A. F. Ioffe: Semiconductor Thermoelements and Thermoelectric
Cooling, Infosearch 1957.

See, For example, A. I. Blum, N. P. Mokrovski and A. R. Regel; Isv. Akad. Nauk;
Vol. XVI, No. 2, p. 139; 1952.
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Alkali Chalcogenides

No work has been done on this group of materials as of now since more
effort has been devoted to other compounds.

Note: The materials designated as #10 - #18 in Table L-2, which are reported on

in the following, represent materials which have been selected additionally to
the materials designated in the table as #1 - #9. These materials have been

mentioned in the proposal and in later statements as possible "others". They

either substitute for some of the first nine materials or have been selected as

the work on the contract proceeded. The group #10 - #18 again falls into the

solid as well as the liquid material category and therefore serves both tasks.

Antimony Selenide

This compound may, to a certain extent, be a substitute for PbS and

U CdS or the HgSe. Among the selenides, this compound is easy to synthesize and

encapsulate. It is a V-VI compound. This selenide exhibits rather high electric

I resistivities. Figure L-7 shows the resistivity measured on the undoped compound

SSb 2Se3 versus reciprocal temperature. The antimony as well as the selenium were
"* of the- highest purity available, i.e. 99.999+. The resistivity drops from around

4008 ohm-cm at room temperature to 0.4 ohm-cm at the melting poist which is at

880 0K. The resistivity remains constant at 0.4 ohm-cm up to 980 K. No data above
980 K have been taken.

Arsenic Selenide

Arsenic selenide has a melting point of 360°C and, therefore, is a
representative of the category of liquid materials in the 3000 - 1000OC tempera-
ture range. It is a close relative to the previously treated antimony selenide.

Thus, most of the statements made about Sb 2 Se 3 are valid also for As^Se . Arsenic

selenide has been synthesized, corrosion tests have been run, and it has been

processed into a cell, although the low melting point caused difficulty to do so.

In Figure L-8 the resistivity versus temperature is shown for the undoped arsenic

selenide. The resistivity values are rather high even at the melting point. The

resistivity drops further above the melting point, however, with a smaller slope.

Bismuth Antimony

Since bismuth antimony alloys- are known to be rather efficient thermo-

electric materials at temperatures below 300 0 C, it appeared to be a worthwhile
experiment to encapsulate a typical representative of the bismuth antimony alloys
and to investigate the properties in the liquid phase. A 76-24 atom percent
bismuth antimony alloy, therefore, has been synthesized, and after securing the

right electrode materials, the alloy has been encapsulated. Figure L-9 shows the

results obtained on the Seebeck coefficient versus temperature for this alloy.

It turned out that this material does not seem to be very useful at higher tem-

peratures or, more precisely, in the liquid state since its Seebeck coefficient

becomes practically zero around the melting point. It seems to stay low after

liquification as measured against platinum.
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Germanium + Tellurium

The emphasis on the search for materials which exhibit useful
thermoelectric properties in the upper half of the 3000 to 10000 temperature
range led to the interest in germanium tellurium alloys. Two materials have
been synthesized; namely, germanium + 5% by atom tellurium and germanium + 50%
by atom tellurium. The corrosion tests show that the standard iron Forsterite
cell could not be used for encapsulation since so far only tungsten appeared to
be useful contact material. At reporting time, we have been concerned with the
question of incorporating tungsten into a ceramic cell.

Mercury Telluride

This compound has been synthesized for further investigations. It was
planned to process it further in ceramic cells with molybdenum instead of iron
contacts.

Indium Antimonide

The purity of the indium metal used for the synthesis of indium-
antimonide is in the order of 99.99%. The compound has been synthesized and
encapsulated. In Figures L-10 and L-11 the Seebeck coefficient versus temperature
measurements and the resistivity versus temperature measurements are presented.
The material is n-type in the solid state and becomes p-type in the liquid state.
A maximum of the order of 60 microvolts per degree is reached in the n-type material

0at around 650 K. From then on the Seebeck coefficient goes rapidly toward zero
near the meltingpoint and the material becomes p-type (35 microvolts per degree
at temperatures of 950 K).

The curve in the liquid phase does not show any tendency to flatten off
at the high temperatures and, in further experiments, an attempt should be made to
reach higher S-values in the liquid state by increasing the temperature still
further. The resistivities are very low and thez show little dependence on the
temperature. The resistivty drops from 5 x 10- ohm-cm at 500°K to about

L 1.5 x 10" ohm-cm near 800 K. There is no rapid change in the resistivity when
the material is carried from the solid to the liquid phase. Calculations of the
figure Of merit have not been carried out. Indium-antimonide was selected because
of its high electron mobility at room temperature although its band gap is undesira-
bly small. The measurements reported here refer only to a sample of unspecified
impurity content. An analysis would have to be made to clarify the amount andkinds of impurities present.

Lead Antimony Alloys

In a rather recent publication*, indications have been found that lead
antimony alloys may yield useful thermoelectric properties in the liquid phase..
Two alloys, therefore, have been produced, having compositions of 50-50 and 76-24
atom percent. They were processed into cells.

*I. D. Konozenko and V. I. Ustianov, Soviet Physics-Technical Physics, Vol. 2, #8,

pp. 1567, August, w957.
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Figure L-12 shows the data obtained for the Seebeck coefficient for the
two materials. Both alloys seem to change their carrier polarity, being n-type
at lower and p-type at higher temperatures. The intersection for the 50-50 alloy
with the x-axis occurs close to the melting point whereas the intersection for
the 76-24 alloy may be estimated to be somewhat above 300°K. The absolute values
of S, showing a maximum of 70 4V, have to be considered as low; thus the indication
found in the publication could not be verified by the total of four samples made.
This maximum value has been found at the highest temperature. The curve, however,
shows saturation tendencies in this area, thus the material has not been followed
up further.

Using published data of thermal conductigity and resistivity, a maximum
figure of merit of 0.1 x 10-3 can be found at 1000 K.

It is of interest to note that, of the materials which have been investi-
gated on this program at temperatures up to and above the melting point, all but
three have exhibited Seebeck coefficients in the liquid state which are practically
zero. These three exceptions are InSb as previously noted and the two lead anti-
monide alloys of Figure L-12. All three show considerable thermoelectric proper-
ties at temperatures well in excess of the melting points.

Zinc Ant imonide

The thermoelectric performance of this material has been rather thoroughly inves-
tigated and published data* are available for unencapsulated materials. It is of interest to
study the performance in the encapsulated state since the evaporation of zinc becomes notice-
able at 350 C. Several cells of ZnSb have been produced, with and without additives. The
resistivity versus temperature has been plotted for these materials given in Figure L-13. It
can be seen that the resistivity of the material without additives first rises with temperature
up to about 600 K and then drops, reaching its lowest value at the melting point. Another,
rather small, rise may be noted with further temperature increase. Measurements showed
that the resistivity of the material with additives increases considerably during annealing,
whereas the resistivity of the material without additives is hardly affected by annealing pro-
cesses. Our measurements indicate the additives do increase the Seebeck coefficient but not
so much as reported in the literature at the lower temperatures.

In Figure L-14 the Seebeck coefficient has been plotted versus tempera-
ture for materials with and without additives.

A slight rise is obtained with increasing T up to 750°K, and then a sharp
drop occurs close to the melting point. The material remains p-type with small S
values in the liquid state, if measured against platinum.

Although ZnSb has been investigated by many people, no final data on
the thermal conductivity versus temperature are available to the author at the
time of this writing. In order to get estimated values, the electronic portion
of the thermal conductivity versus temperature has been calculated. This portion
becomes important in the case of low resistivity.

*1. A. Joffe L.C.
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These data are presented in Table L-3 together with information on
phonon conductivity taken from the literature. The data refer to the material
without additives.

TABLE L-3

Thermal Conductivity of ZnSb

(Watts/cM K)

Electronic Phonon
Portion Portion Total

400°K 8.6 x 10- 13.3 x 10- 21.9 x 10"

500 0 K 8.2 x 10-3 12.2 x 10-3 20.4 x 10-3

600°K 8.6 x 10- 12.2 x 10- 20.8 x 10-

7000K 17.2 x l0"3 12.1 x 10-3 29.4 x 10-3

800°K 136.0 x 10- 12.0 x 103 148.0 x 10"

The figure of merit is plotted versus temperature in Figure L-15 for
the material without additives. Measured S and values and K data of Table L-3
were used to calculate the values for Z. In the same diagram, the figure of merit
is plotted as published recently*. One can see readily that the data on Z for the
encapsulated material cover a temperature range extending to higher temperatures
than the unenclosed. Whether this effect truly results from the encapsulation or
results from differences in composition or doping remains to be seen.

The third curve for Z in Figure L-15 represents ZnSb with additives
which is surprisingly low compared with the other two graphs.

DISCUSSION AND CONCLUSIONS

The philosophy of the work on this portion of the contract has been one of
rapid material scanning and searching. The organization of such a program there-
fore obviously led into numerous avenues in order to increase the probability of
success.

At the termination of the work, the line drawn naturally cuts through
branches of the work which have not been explored entirely and the exploration
of which may be desirable.

*Westinghouse Progress Report #12 on Thermoelectricity (BuShips).
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A review of the achievements at the time of termination, however, shows that
three major and striking contributions can be reported from the completed portion
of the work:

1. The encapsulation
2. The data obtained on encapsulated lead telluride and on
3. Zinc antimonide.

Encapsulation

The first of our major contributions to the over-all program undoubtedly has
been the rapid adaptation of ceramic to metal seals, previously developed at the
G.E. Research Laboratory. The word "adaptation" obviously stands for a further
development and haa been chosen to give credit to the ,originators.

Here is a summary of the advantages and disadvantages of encapsulation of
thermoelectric cells:

Advantages of Encapsulation

1. Extension of the useable temperature interval toward higher temperatures.
Demonstrations of this effect have been given by the reported results.

2. Increasing the operating lifetime at all temperatures.

3. Improvement of the figure of merit at high temperatures. However, no
time has been available to ascertain whether or not these improvements
are truly a characteristic of encapsulations per se.

"4. Facilitation of the fabrication of stable, low contact resistance
Junctions.

5. Improvement of the mechanical strength of the TE components. (TE materials

are, in general, very brittle.)

6. Improvement of the reliability of the TE components.

7. Permitting operation close to the melting point. Demonstrations of
(occasionally) exceeding the melting points of TE materials without
impeding performance are given.

8. Facilitation of the segmentation of materials by inserting metallic
membranes into the capsules or by stacking individual cells.

9. Making experimental miniaturization feasible. Laboratory cells have
effective diameters of only 1/8".

Disadvantages of Encapsulation

1. Efficiency lowering heat losses through the capsule. As stated, we
expect to be able to keep these losses within reasonable limits.

2. Increased cost.
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The capsules themselves are designed for a higher operating temperature than
requested in this contract. They have been provided with large area contacts to
minimize contact resistance and thermal impedances. Various metals can be placed
in contact with the thermoelectric materials. Due to the limited effort, however,
only iron electrodes sealed to Forsterite have been used,,

Materials and Data

The second and the third major contributions are the results obtained on the
performance of encapsulated ZnSb and PbTe in the solid state.

In Figure L-16 we listed the best n- and p-type thermoelectric materials known
to us as of April/May, 1959, within their optimum temperature ranges. These
optimum temperature ranges have been found by the intersection of Z versus T
curves of the individual materials. In the figure, furthermore, the average Z
value over the respective temperature range is given as well as the value of the
maximum Z value plus the temperature at which this maximum value has been found.

Any firm statement on the specific use of given compounds is inadvisable,
however, because the list of best performers is being revised frequently. Further-
more, the problems to be encountered in matching TE compounds to electrode materials
requires some flexibility of choice.

It has been, however, the result of this work that in the n-type branch
encapsulated PbTe could be listed as the best material known between 3800 and
800 C.

i' It proved to be considerably superior to the indium arsenide-phosphide
alloy + InAs P which has been published rather recently** and which has been
believed to eXtIe best material in the same range of the n-type branch.

Furthermore, encapsulated ZnSb could take first place in the p-type branch

from about 2800 to 470 C which again is an important achievement.

According to the data obtained on n-type PbTe and p-type ZnSb, both encapsu-
lated, it has been demonstrated that both materials not only can be used up to
higher temperatures but additionally show unexpectedly improved performances at
these temperatures.

Although the results obtained on liquid semiconductors or on materials
measured up and beyond the melting point are not as striking as the results
obtained on the solids, there are several indications as to the direction of
further experiments. So, for example, the rising Seebeck coefficient curves
observed in liquid InSb and in the lead antimony alloys will require further
high temperature investigations.

*Information received just prior to publication of this Appendix indicates that

more recent data on unencapsulated lead telluride produced by the Minnesota §ining
and Mfg. Co. makes it necessary to modify this statement to read between 530 and
800 C instead of between 380 and 800 C.

*R. Bowers, J. E. Bauerle and A. J. Cornish; Westinghouse Scientific Paper
431FD405-PL.
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Figure L-16: Best Performing TE materials - April 1959.
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GKNEMRAL REMARKS

At the termination of the work on tasks 1.5 and 1.6, no refinement work has
been carried out on the material development such as optimum doping or the reduc-
tion of the thermal conductivity.

It is possible, therefore, that such work may improve further the thermo-
electric properties of the materials reported.

The experimental work done seems to prove and support wholly or partly the
following assumptions:

1. Optimum performance of a single material cannot be expected to cover a
wide temperature interval.

2. The narrow temperature interval of best performance is likely to fall
close to the melting point Tm if the material is truly optimized.

3. The Z-plateaus of a series (i = 1-- i n) of optimized TE materials
are likely to follow the relationship

1Tih

(the proportionality constant has tentatively been taken equal to one,
in order to approximate the experimental values of Figure L-17.)
It can be seen that the potential efficiencies of segmented elementsI are excellent for low values of T even if no further improvement in
the relationship c

1
zi T

Tih

should be forthcoming.

S4. Reliable operation near the melting point requires adequate encapsulation.

5. Furthermore, it proved that the basic assumptions made initially on
guidelines concerning, for example, the band gap and carrier concentra-
tion have proven to be useful.

The work reported and the data presented fulfill the requirements as proposed
and outlined in the portions 1.5 and 1.6 of the contract since the search led to
top performance high temperature materials which can be highly recommended for
the design of thermoelectric generators.
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APPEDIX X - GROTH OF SINGLE CRYSTALS OF NSITITOW L 0Ds AND oK O
THEIR THERMAL CONUCTIVITY

F. H. Horn
R. Newan
G. A. Slack May, 1959

GROWTH OF SINGLE CRYSTAL OXIDE8

Roger Newman

For both the thermal conductivity and optical absorption measurements single
crystals we're employed. These were prepared by either the Verneuil (flame fusion)
method or by halide decomposition as described below.

Verneuil Method

The apparatus used for the flame fusion method is shown schematically in Figure
M-1. It is similar to devices that have already been described in the literature.M-I

The powdered oxides used were obtained by pyrolizing the appropriate reagent grade
carbonates. Powder is introduced into the oxygen line at a controlled rate by adjust-
ing the frequency and magnitude of the force applied to the hammer. Material is col-
lected on the alumina rod which is retracted from the flame at a controlled rate. The
operating procedure was to first collect a mound of flame sintered material on the
alumina. Then, either by adjusting the flame, or the position of the rod in the flame,
or both, a molten drop was formed at the top of the mound. When the situation was
stabilized at the desired drop size the alumina rod was slowly lowered and crystal
growth at the rate of between 1/8" and 1/4" per hour proceeded. The success of the
operation was very much determined by the experience and judgment of the operator in
determining when the proper combination of growth variables was achieved. In growing
both NiO and CoO crystals it was necessary to use oxygen-rich flames in order to avoid
the formation of the reduced metal. However, for MnO a hydrogen-rich flame was em-

ployed. The use of a very oxygen-rich mixture in this case resulted in the formation
Of Mn304. The best crystals grown were cylinders about 0.5 cm in diameter and 4 or 5
cm long. They showed good cleavage in 3 mutually perpendicular (100) directions. In
this respect NiO was the easiest to cleave, CoO next, and MnO the most difficult to
cleave. The cleavage faces showed evidence of a substructure (e.g. small angle grain
boundaries) with regions usually about a mm in width running along the growth direc-
tion. Back reflection Laue photographs indicated, for the representative samples,
that the crystals were single--that is to say the misorientations indicated by the
substructure were not large (e.g. less than 10).

In the growth of Li-doped NiO crystals Li2CO3 was added to the NiO powder in
amounts up to 50 mol percent. However, in all cases as estimated from the resistivity
only a small fraction of the Li remained in the grown crystal. The lowest resistivity
single crystals were about 10 ohm cm. Using the data of MorinM' 2 and VerweyM- 3 taken
with sintered powders, this indicates a composition of about I mol percent Li.

Some attempts were made to achieve higher doping levels by diffusion of the Li2O
into pure NiO crystals contained in sealed alumina tubes. At about 1000oC crystals
having resistivities of about 102 ohm cm were obtained. This did not represent any
improvement over crystals prepared by direct doping.
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Halide Decomposition

"Here we employed a process essentially like that described by R. E. Cech.M- 4

The apparatus is achematically shown in Figure M-2. The metal halide vaporizes and
reacts with H20 vapor at the MgO surface. This results in an epitaxial growth of
metal oxide which in favorable circumstances is a single crystal having the same ori-
entation as the 1g0. A typical reaction for NiO is

NiBr 2 + 12 NiO + 2HBr

The essential point is that the metal monoxide crystal structures and lattice con-
stants are very close to that of MgO (4.20 AU), and coherent epitaxial growth is pos-
sible. Under the usual growth a film of NiO from 20 - 50XA thick and 1 to 2 cm2 in
area could be grown in a few hours. This NiO film could be freed from its MgO backing
by chemical dissolution of the MgO in hot H2 SO4 . It could then be used as a seed for
growing either thick (i.e. 1 to 2 mm) crystals of NiO or for growing another oxide
crystal, CoO for example. For preparing the thick NiO crystals the method usinrg the
unmounted film as a seed enabled the crystals to grow in thickness at twice the rate
they obtained using a mounted film. This is simply because growth could be simultan-
eously achieved on both crystal surfaces of the unmounted film.

In contrast to NiO which is not noticeably attacked by any acid, CoO is readily
attacked by all the strong acids. For this reason the procedure for growing thick
NiO crystals could not be carried over directly for CoO, since there was no reliable
way of freeing the CoO film. Instead thin (20 - 50A) NiO films were used as seeds
for growing thick CoO crystals. For the thermal conductivity measurements the contri-
bution to the total conductivity of the thin NiO film, which represented less than
1/20 of the cross section of the crystal, could be neglected.

Attempts were made to grow Li-doped NiO crystals by incorporating either LiBr of
Li 2 O in the NiBr2 charge. Using resistivity as a measure of the amount of Li intro-
duced, no evidence for Li in the NiO crystals was found.

MOTHER ETHODS FOR GROWING SINGLE CRYSTAL OXIDES

SF.Hubbard Horn

Effort was directed toward attempting to grow crystals by a floating zone proce-
dure starting with rods of pressed and sintered NiO and Li-doped NiO powders. NiO was
not successfully melted by high frequency heating even when the NiO was heated to
nearly its melting temperature. It was possible to melt Li-doped NiO by rf (450 kc)
heating; however, in a short time the lithium oxide was lost by volatilization and the
melt could not be maintained.

j. Several solvents for NiO were investigated with the aim of finding one from which
NiO could be grown by a modified molten layer procedure. Small crystals of NiO could
be obtained from borax-NiO solutions; however, the problems associated with seeded
crystal growth were not solved. This method remains unproven. It is clear that the
flame fusion or epitaxial growth methods are superior at present.
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THE ThERVAL CONDUCTIVITY OF TRANITIO MTAL N~

Glen A. Slack

Introduction

The thermal conductivity of a solid is an important parameter to know if the
solid is being used or considered for use in a thermoelectric generator. The transi-
tion metal oxides are a class of solids which exhibit some promising characteristics
for thermoelectric generators. Therefore a study of their thermal conductivity was
initiated, since the available dataM- 5 in the literature on anything except samples
consisting of loose powders was very meager.

The present study involved the measurement of the thermal conductivity of high
purity, single crystals of MgO, MnO, CoO, and NiO over the temperature range from
30K to 3000 K. Measurements were also made on single crystals containing intentionally
added impurities in order to gain a better understanding of the fundamental processes
that determine the thermal conductivity. The crystals, except for MgO, were grown by
Dr. R. Newman of this laboratory by either the flame fusion process or the halide de-
composition process, as described elsewhere in this report. The MgO crystal was ob-
tained from Mr. L. Schupp.

Method of Measurement

the apparatus used in making the thermal conductivity measurements is shown in

Figure!M-3. The crystal, as shown, is mounted on the bulb of a constant volume helium
gas thermometer with a thin layer of an epoxy resin cement, ArmstrongM- 6 type A-2. A
heater made of nichrome wire wound on a metal form is similarly cemented to the top
of the crystal. A chain of differential thermocouples made of Au + 2.1 atom percent
Co versus Manganin wireM- 7 is used to measure the temperatures along the crystal.
The lowest temperature thermocouple junction at a temperature T4 is cemented to the
gas thermometer bulb. The value of T4 is measured with the gas thermometer. Two
other thermocouple junctions at temperatures T3 and T2 provide the means of measuring
the emfs corresponding to the temperature differences T2 -T 3 and T3 -T4 . The rate of
heat input, Q, to the crystal is determined electrically by measuring the d.c. amper-
age flowing through the crystal heater and the d.c. voltage across it. The thermal
conductivity of the crystal under steady state conditions at an average temperature
of 1/2, (T2 + T3 ) is determined by

IQ
T T2-T 3 A P

where L in the distance between the thermocouple Junctions at T2 and T3. and A is the
cross-sectional area of the crystal.

The crystal is kept in the evacuated inner can at a gas pressure of always less
than 10-4 mm Hg at 3000 K, and less than 10-6 mm Hg at 30 K. The radiation shield
around the sample was used for samples of low thermal conductivity in order to correct
for the small (20 percent or less) effects of external thermal radiation. The post
heaters, variable thermal resistors, exchange gas. and outer can were very seldom
used. Their purpose is to provide control of the temperature T4, but this was readily
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achieved by inmmersing the inner can directly in successive liquid baths of helium,
hydrogen,) nitrogen, solid CO2 plus ethyl alcohol, and then water.

Results on &

A small single crystal of MgO was obtained from Mr. Lewis Schupp at the General
Electric Lamp Research Laboratory in Cleveland. Its designation was R58 and was
grown in a carbon arc furnace. Its estimated impurity content is 8 ppm of Fe, 3 ppm
of Cr, 5 ppm, of Sr. and 3 ppm. of Li. After cutting to size this crystal was annealed
at 1485*C in argon and slowly cooled. The sample was a clear, transparent white and
exhibited no strains under polarized lights. It was measured in Run No. 14, and a
description of this crystal as well as other crystals measured is given in Table M-1.
The results are shown in Figure M-4.

Crystals of MgO belong to the cubic system and have a NaCl structure. They are
diamagnetic in contrast to the transition metal oxides studied here which are para-
magnetic or antiferromagnetic. The only published measurementsv[ 8, M-9 on single
crystals of HgO are for temperatures above 3000K, and are also plotted in Figure M-4.
The agreement between the present results and those in the literature at 3000K is
considered good. The absolute accuracy of the present measurements on MgO and other
crystals is about t 5 percent, and the relative accuracy for points at different tem-
peratures on the same sample is ± 3 percent.

- TABLE M-1

TABLE OF CRYSTALS STUDIEDIGro-wth A2 L ~iný- Anne-i ed Added
Process Crystal mm mm No. _____ Impurity Comments

carbon MgO 13.3 55. 14 yes none

arc

.Veriieuil MhO 18.8 11.9 8 no none

Verneu~il MhO 18.8 11.9 16 yes none Same crystal as

Run No. 8

¶halide coo 3.2 7.9 11 no none: Small NiO core

*Ve-rneuil INiO 15.5 11.0 7 no none

Verneuil NiO 15.5 11.0 .9 yes none Same crystal as
Run No. 7

*halide NiO 6.5 6.0 10 no none

halide NiO 6.5 5.3 15 yes none Same crystal as
Run No. 10

Verneuil MnO-CaO 24.2 10.6 26 yese 3 mole 7.
CaO

Verneuil MnO-CoO 19.8 7.7 22 no 10 mole 7.
coo

Verneuil NiO-Li2O 11.3 4.6 12, no x % 1 Li

WADD TR6O-22, Pt. 11 229

I__



10Z Ti/

C1 / \,

C-)

o PRSN DATA
00

I, PJ 1 - 0

1' o PRESENT DATA,•_ / -D CHARVAT 8BKINGERY
o SMOKE 8 KOENIG/

013 10 30 100 300 I0
TEMPERATURE "K

Figure M-4: Thermal Conductivity Versus Temperature for MgO.

WADD 7R60-22, Pt. II 230



N3

TABLE M-1 (continued)

Growth A2  L Run Annealed Added
Process Crystal mm mm No. ? Impurity Comments

Verneuil NiO-CoO 21.6 6.6 13 no 5 mole %
coo

Verneuil NiO-CoO 29.7 7.0 17 yes 25 mole %
CoO

A - x sectional area

L - separation between thermocouples

As can be seen from Figure M-4 the thermal conductivity of MgO rises as the tem-
perature falls to a maximum conductivity of about 10 watts/cm deg at 35 0 K and then de-
creases with a further drop in temperature. This type of behavior is very familiar in
crystalline solids which possess no free electrons.MlO

From theoretical considerationsM-l1, M-12 concerning phonon-phonon interactions
it is possible to estimate the thermal conductivity at a temperature equal to the
Debye temperature, e . This theoretically estimated value will be denoted by X5
whereas the experimentally observed value is X9 (no prime). The theoretical esti-
mate is based on the assumption that phonons are the only important carriers of ther-
mal energy in the solid, and also that their mean free path is limited only by being

scattered by other phonons. The first of these assumptions appears to be justified
for all of the crystals reported on here, but for some of the crystals additional
scattering mechanisms are present. The equation for is113 2 -3 -3 1

N .572 M 0 2 V 1 eg sec (M-1)

where M is the average gram atomic mass of an atom in the crystal1 Vo is the average
volume occupied by one atom in •, and d is Gruneisen's constant. Equation (M-I)
gives reasonable values of for many solids.MHI 3

Furthermore it may be supposedM-Il that the experimental data on A1 2 03 and solid
helium, which are isotopically pure, should represent the variation of thermal con-
ductivity, XU, with temperature when phonon-phonon scattering is the mechanism which
limits the phonon mean free path. This means •U/Xf) is assumed to be characteristic
function of reduced temperature T/O for all simple solids. Values of this function
taken from smoothed experimental dataM8, M14, 1415, M-16 are given in Table M-2.

WADD TR60-22, Pt. II 231



TABLE M-2

RElATIVE THERMKN CONDUCTIVITY VERSUS REDUCED TENPATURE

FOR PHONON- PONON SCATTERING

T/9 ___))1

1.00 1.0 0.067 300

0.39 3 0.053 1000

0.21 10 0.045 3000

0.13 30 0M039 10000

0.089 100

Using this approach for MgO, and a value for the Debye Temperature at room temperature
of ) 300 - 760 0 K (see Table M-3), and ' = 2, the XU curve is drawn in Figure M-4.

At any temperature the general theoryM' 1 7 shows that the thermal conductivity is
given by:

i9,-,v C (M4-2)

I .. where I is the phonon mean free path, v is the average sound velocity, and C is the
phonon contribution to the specific heat per unit volume of the solid. At tempera-
tures below 35 0 K in MgO an upper limit to the thermal conductivity is set by the geo-
metrical diameter of the crystal.M-

8  This upper limit, pbS•X B, produced by boundary

scattering is given by Equation M-2 with the substitutions: t = d, the average crys-
tal diameter; and C - 12RD(e 0 /T), where R is the universal gas constant, D is the
Debye function, and 00 is the Debye temperature at O°K. The curve for X in Figure
M-4 was calculated in this manner.

It can be seen from Figure M-4 that the calculations. from simple theory agree
with the experimental results to within a factor of 3. This type of agreement is
satisfactory at temperatures above the thermal conductivity maximum at 35 0 K. For tem-
peratures below 35 0 K the agreement is expected to be better, and the experimental
thermal conductivity is lower than probably due to the presence of a small number
of dislocations, 1B grain boundaries, or colloidal precipitates in the crystal. Thus
MgO serves as a model of a simple oxide which can be used as a standard of comparison
for the more complicated transition metal oxides.

Results on High Purity 1IO, CoO, and NiO

A number of both high purity transition metal oxide crystals, and crystals con-
taining intentionally added impurities were measured. First consider the high purity
crystals which contain generally less than 0.2 percent of foreign impurities. These
crystals were made from commercially available C.P. powder of the transition metal car-
bonate for the Verneuil process or metal bromide for the halide process. The results
are shown in Figure M-5.
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In order to facilitate the analysis of these and subsequent results, Table M-3
has been drawn up from data in the literature. ZnG is included in this table for a
comparison since it, like MgOO is diamagnetic and Zn lies to the right of Ni in the
sam row of the periodic table.

TABLE M-3,

PHYSICAL CONSTANTS OF SCE OXIDE CRYSTALS

V 300 0 TN
Crystal A2 OK 105cm/sec

MgO 3.58 9.25 7 6 0 (a) 9 5 5 (f) 7.00(f)

MO 5.41 10.9 5 2 0 (b) _420(g) 3.1(h) 116 (b)

CoO 6.53 9.50 5 9 0 (c) nA80(g) 3. 4 (h,i,j) 290d)

NiO 6.85 9.08 6 3 0 (d) 1,51 0 (g) •3. 3 (h,k) 523(m)

ZnO 5.73 11.8 6 2 0 (e) 500(g) 3.8(h)

a. G. S. Parks and K. K. Kelly, J. Phys. Chem. 30, 47 (1926). W. F. Giauque and
R. C. Archibald, J. Am. Chem. Soc. 59, 561 (1937).

"b. R. W. MIllar, J. Am. Chem. Soc. 50, 1875 (1928). Average restrahl energy of
0.042 ev determined by R. Chrenko.

c. Estimated using an average restrahl energy of 0.051 ev for CoO determined by
R. Newman.

d. Seltz, Dewitt, McDonald, J. Am. Chem. Soc. 62, 88 (1940). Average restrahl en-
ergy of 0.055 ev determined by R. Newman.

e. Maier, Parks, Anderson, J. Am. Chem. Soc. 48, 2564 (1926); R. W. Millar, J. Am.
Chem. Soc. 50, 2653 (1928); K. Clusius and P. Harteck, Zeit. physik. Chem. 134,
243 (1928).

f. M. A. Durand, Phys. Rev. 50, 449 (1936); J. deLaunay, J. Chem. Phys. 24, 1071
(1956).

g. Crude estimate to t 30 percent.

h. From o0, F. Seitz "The Modern Theory of Solids", McGraw-Hill, New York, 1940,
pg. 111.

i. M. E. Fine, Phys. Rev. 87, 1143 (1952).

J. R. Street and B. Lewis, Nature, 168 1036 (1951).

k. From reference j at 5300K.
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9. G. Assayag and H. Bizette, Compt. rend. 239, 238 (1954).

m. Tomlinson, Domash, Hay, Montgomery, J. Am. Chem. Soc. 77, 909 (1955).

An analysis of the results in Figure M-5 is most conveniently carried out by cal-
culating the phonon mean free path as a function of temperature from the experimental
data on thermal conductivity. Rewrite Equation M-2 as

S= 3 X/vC. (M-3)

I The velocity values are from Table M-3. The phonon contributionM- 20 to the specific
heat, C, for the transition oxides MnO, CoO, and NiO is taken to have the same value
per mole as ZnOM-21 at the same reduced temperature T/G . It is further assumed that

9 versus T/O is the same as for ZnO because of a lack of sufficient data on the
transition oxides. There is a pronounced contribution to the specific heat from the
energy which is supplied to crystal in the process of disordering the magnetic system.
This specific heat is not, however, directly associated with the phonons and so does
not enter in Equation M-3. In fact the total thermal conductivity of the crystal can
be considered to be a sum of the contributions from lattice waves (phonons) and mag-
S netic moment waves (magnons) acting independently.

AT ~ phonon + magnon

SThe Xmagnon term from Equation M-3 is|
v C /3,

magnon mm M

where Cm is the magqetic contribution to the specific heat, vm is the average magnetic
wave velocity, and Ym is the average mean free path of a magnon. The experimental
results can be explained by considering only Xphonon, so it is believed that Xmagnon
is very small. Since CmMc20 and v M-25 are comparable to C and v, it follows that in
the present crystals I m t 0.1. at all temperatures.

The mean free path, , of an average phonon as a function of reduced temperature
T/i for MgO is shown in Figure M-6. The experimental and theoretical curves are
taken from Figure 1M-4. Note that near T/O - 1 the mean free path varies as T". At
lower temperatures it rises rapidly until it becomes temperature independent and lim-
ited by the size of the crystal for temperature below 0/100. This sigmoid shaped
curve is that predicted by simple theory. The value of I. as a function of T/() is
shown for MnO, CoO, and NiO in Figure M-7. The experimental data for • as well as
the theoretical curve for NiO are from Figure M-5. Using Equations M-1 and M-2 and
the data in Table M-1 and in Table 1M-3 it can be seen that the I versus T/E curves
from simple theory for MnO, CoO, and NiO should be nearly identical. However, no one
of these three oxides agrees with this theory. The mean free path is always less
than predicted. The agreement becomes progressively worse the lower the Neel tempera-
ture, TN, of the oxide.

At temperatures above TN the value of R appears to be nearly temperature inde-
pendent and equal to about 10 lattice constants for all three oxides. One lattice
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Sconstant is the ultimate minimum for It aperthat-above TNthe phononsar
being scattered by interaction with the disordered electron magnetic moments on the

magnetic ions. As the temperature is lowered below TN the crystal becomes antiferro-
magneticM-22 and the magnetic system becomes progressively better ordered. With in-
creased ordering the phonon scattering decreases. For such a model the phonon-magne-
tic moment scattering disappears in a completely ordered magnetic system and I is de-
termined only by phonon-phonon or phonon-boundary scattering.

Some simple calculations can be made based on this model of phonons as carriers
scatr-ered only by interaction with the magnetic moments. Consider MnO in which the
expetiimental X is much less than simple theory. Let S be the scattering cross-sec-
tion of a Mn atom which possesses an "unoriented" magnetic moment. Now S is assumed
to be independent of the phonon wavelength and will be some fraction, f, of the geo-
metrical cross-section of a Mn atom, i.e.

s = v 2/3I 0
The density, n, of "unoriented" moments per unit volume is defined as

n-M 0

where 2V is the average volume of an MnO molecule, M(T) is the spontaneous magneti-
zationM'22 of one of the antiferromagnetic sub-lattices at a temperature T, and M(O)
is the saturation magnetization at T i OOK. Then the phonon mean free path is given

by

s "n l s'1 " 2V 1/3 f- 1 -L(o - (1[ T4)

For temperatures above TN the value of 7T) is zero, and consequently , is independ-
ent of temperature with a value of 2VoL f-l. This is nearly what is observed for
MnO with f - 0.1 (see Figure M-7). Below TN there is a rapid increase in ý as the
magnetic moments become more ordered. In Table M-4 values of 1 - M(T)/M(O) are given
versus T/TN for MnO with J - 5/2. In MnO the magnetic moment is caused only by spins,
and J - 5 /2.M-22 The dashed theoretical curve in Figure M-7 lying over the experi-
mental curve for MnO is the value of X ; from Equation 1M-4. The theory has been fitted
to the experimental data only, at TNý which gives f - 0.1. The agreement extends over
two decades of ý and one decade of T. At temperatures above 300 0 K in MnO phonon-pho-
non scattering is becoming as important as the phonon-magnetic moment scattering. At
temperatures below 30 0 K domain scattering becomes important. The application of this
simple theory to CoO and NiO becomes more complicated because phonon-phonon and phonon-
magnetic moment scattering are both involved. The basic mechanisms are still the same,
and the magnetic interaction has about the same strength since f Z- 0.1 for NiO and CoO
as well as MnO.
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TABLE M-4

FRACTION OF DISORDERED SPINS AS A FUNCTION OF TEMPERATURE FOR J m 5/2

/T1- T/TN 1- (T)
T/TN N-(O) 4(0)

>1 1.00 0.30 2.4 x 10- 2

1.00 1.00 0.20 6.0 x 10-3

0.95 0.67 0.15 1.3 x 10"3

0.90 0.55 0.12 3.3 x 10-4

0.80 0.38 0.10 7.6 x 10-

0.70 0.27 0.09 2.9 x 10-5

0.60 0.18 0.08 8.6 x 10- 6

0.50 0.11 0.07 2.1 x i076

0.40 0.063 0.06 4.0 x 10

An additional complicating factor arises because of the crystallographic distor-
tion which occurs in these transition metal oxides at TN. Above TN they all possessS, a cubic crystal structure. Below TN both Mno and WiO become rhombohedral while CoO

becomes tetragonal.'* 2 3 This leads to the formation of antiferromagnetic domains.M- 24,
.M-25 Phonons appear to be scattered at the domain boundaries leading to a phonon mean
free path which is considerably less than the microscopic size of the crystal. If a
single domain wall is a very efficient scatterer of phonons, then 9. at T !6 0/100 is
us equal to the average width of a domain. Providing a domain wall has a thickness
2 of 10 lattice constants or more, and that the spins within the wall are very dis-

,ordered, then it appears that a wall should be a good scatterer of phonons. This con-
clusion is based on the fact that at temperatures above TN phonons of all energies
possess a mean f-ree path of about 10 lattice constants in the disordered magnetic sys-
tem and that S appears o be independent of the phonon wavelength. From Figure M-7
the limiting value of . is taken as the domain size. It is 60 microns in NiO, 5 mic-
rons in CoO, and 1 micron in MnO. This value varies somewhat with annealing treatment

i (see Figures M-8 and M-10).

HitEh Purity Crystals From Different Sources

High purity single crystals of NiO were prepared by the Verneuil process and by
tae halide decomposition process. These were measured in both the "as grown" state
and a "well annealed" state. The annealing procedure for the NiO and all the other
oxides studied here was to warm slowly, hold them at a temperature of 1500 0 C for about
30 minutes, and then cool slowly to room temperature (cooling rate 4 20°C/minute).
During this entire procedure the crystals were kept under argon at a pressure of 1
atmosphere. The results are shown in Figure M-8. Note that the ..esults for the hal-
ide process and Verneuil process crystals are quite similar, and that the annealing
raises the thermal conductivity below 200K by about a factor of 2. Neither the method
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of crystal growth nor the annealing treatment appreciably affect the thermal conduc-
tivity at 3000 K. However, it isi important to realize that some difference in thermal
conductivity between a strained and an annealed NiO crystal is still observable even
at 3000 K.

A Verneuil process MnO crystal is shown in Figure M-9 before a. . fter annealing.
Note that the annealing raises the thermal conductivity at low temperatures by about
a factor of 2, and that the temperature at the minimum shifts slightly. Only a single,
unannealed halide process crystal of CoO was measured and the results have already been
presented in Figuie M-5.

The general conclusion to be drawn is that the measurements of thermal conductiv-
ity on a high purity, well annealed single crystal are reasonably reproducible, even
on samples from different sources. The room temperature thermal conductivity values
represent an intrinsic property of the sample while the low temperature results vary
somewhat with the annealing treatment.

Crystals With Added Impurities

In order to study the effects of small amounts of impurities on the thermal con-
ductivity, mixed crystals of MnO-CoO and MnO-CaO were made. Such mixed crystals of
MnO-CoO crystals can be made over the whole composition range M-2 6 ,M' 2 7 while MnO-CaO
crystals can be made with several mole percent of CaO in the MnO.M1 28 The results for
high purity, well annealed MnO (Run No. 16), a well annealed crystal of 97 mole percent
MnO + 3 mole percent CaO (Run No. 26), and an unannealed crystal of 90 mole percent
MnO + 10 mole percent CoO (Run No. 22) are shown in Figure M-10. Notice that these low
impurity concentrations reduce the thermal conductivity of MnO at room temperature by a
factor of at most two. Higher impurity concentrations would reduce it even more. Thus
the conductivity results on high purity MnO crystal made from C. P. MnCO3 which pos-
sessed residual chemical impurities such as other transition metals, alkalis, and al-
kaline earths of the order of 0.2 percent or less, should be only slightly affected by
these trace impurities.

I
The occurrence of the minimum in the thermal conductivity versus temperature curve

of MnO is not appreciably influenced by the addition of small amounts of impurities.
The minimum is still quite pronounced and still occurs at about the same temperature as
in high purity MnO. The lower thermal conductivity of the mixed crystal is the result
of scattering of phonons by these point impurities (Co, Ca) which were not present in
the original high purity crystals. There is no major difference between the effect of
a magnetic (Co) and a non-magnetic (Ca) impurity. The thermal conductivity at tempera-
tures below 10 0 K is altered very little by the added Co or Ca. The greatest effect is
caused by annealing, as can be seen from Figure M-10.

Single mixed crystals of NiO-Li 2 O and NiO-CoO were grown by the Verneuil process.
4 The NiO-CoO system forms a complete series of solid solutions,M*26,*-29 and the NiO-

Li2O forms solid solutionsM- 3 0 of the form Nil-xLixO up to x - 0.3. The results for
Nil.xLixO for x - 0.01 (Run No. 12), 95 m percent NiO - 5 m percent CoO (Run No. 13),
'75 m percent NiO - 25 m percent CoO (Run No. 17), and for high purity NiO (Run No. 9)
are shown in Figure M-11. The CoO concentrations were those of the powder from which
the crystals were grown.

The excess Li in the NiO changes the valence of a fraction x of the Ni ions to
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Ni+++, and thus makes NiO into a semiconductor. The sample in Run No. 12 had a room
temperature electrical resistivity of 10 ohm-cm. The value of x - 0.01 was estimated
from this resistivityM-31. For comparison the electrical resistivity at room tempera-
ture of the high purity NiO is greater than 10 5 ohm-cm. With this tremendous increase
in the electrical conductivity of NiO there is little if any noticeable change in the
thermal conductivity. The results in Figure M-11 for the Ni. 9 9 Li.010 crystals (Run
No. 12) are quite similar to the high purity halide process NiO (Run No. 10) shown in
Figure M-8. The thermal conductivity for both these unannealed crystals is less than

* that of the best annealed NiO (Run No. 9) primarily because of strains. The amount
of thermal conductivity, X•, caused by the transport of thermal energy by the elec-
trons can be estimated from the Weidemann-Franz law. This law states Ae - L a T,
where L - 1.48 x 10-8 volt 2 deg" 2 , 07 is the electrical conductivity, and T the abso-

3 lute temperature. For the NiO sample in Run No. 12 this contribution is Xe = 4 x lo-7
watts/cm deg at 3000 K. The value of Ae is less at all lower temperatures since U
decreases exponentiallyM- 3 2 with decreasing temperature. Such a small effect cannot
be detected. So even with I percent of Li in the NiO the excess electrons neithernoticeably increase the thermal conductivity by providing more carriers of thermal

energy, nor do they decrease the thermal conductivity by scattering the other carriers,
* i.e. phonons.

The addition of CoO to the NiO does decrease the thermal conductivity at 3000 K.
The 25 mole percent CoO crystal has about 1/4 the thermal conductivity of the pure
NiO at room temperature. From this data it is estimated that a crystal of about 50
mole percent CoO, would have the lowest thermal conductivity in the NiO-CoO system
with a value of .08 watts/cm deg at 3000K. a lower conductivity than that of either
pure NiO or CoO. At temperatures below 10OK the results on these mixed crystals are
generally intermediate between those for high purity NiO and high purity CoO. This
means that the size of the antiferromagnetic domains varies nearly monotonically with
composition in going from NiO to CoO.

Conclusions

The thermal conductivity of the transition metal oxides MnO, Coo, and NiO at tem-
peratures below 3000 K is caused only by phonons, and is lower than would be expected
from theoretical comparison of the results with measurements made on MgO. This dif-
ference is associated with the fact that these transition metal oxides possess magnetic
moments with which the phonons can interact, in contrast to MgO which is diamagnetic
and possesses no unpaired magnetic moments. At temperatures well above the Neel tem-
perature, TN, the thermal conductivity of the paramagnetic oxides will approach the
theoretical values calculated for diamagnetic oxides. In the regions around TN the
phonons are strongly scattered by unoriented magnetic moments. Below 10 0 K the thermal,
conductivity appears to be limited by the presence of antiferromagnetic domains.

When either magnetic or non-magnetic impurities are incorporated substitutionally
into the lattice the thermal conductivity below 100 K is changed very little, but above
10 0 K it is lowered by point impurity scattering. The presence of a minimum in the
thermal conductivity versus temperature curve at the Neel temperature appears to be
an intrinsic property of the solid associated with the presence of the magnetic mom-
ents of the electrons in the 3d shells of the metal ions.

W R W60-22, Pt. I1 245

_A



REFERENCES

M-1. A. Verneuil, Ann. chim. et phys. 3, 20 (1904).

M-2. F. J. Morin, Phys. Rev. 93, 1199 (1954).

M-3. Verwey et al, Philips Research Reports 5, 173 (1950).IM-4. R. E. Cech and E. Alessandrini, Trans. Am. Soc. Metals 51 (1959).

M-5. Kingery, Franci, Coble, Vasilos, J. Am. Ceram. Soc. 37,, 107 (1954).

M-6. Armstrong Products Co., Warsaw, Indiana.

M-7a. Borelius, Keesom, Johansson, Linde, Comnun. Kamerlingh Onnes Lab. Univ. Leiden,
No. 217d (1932).

M-1b. W. H. Keesom and C. J. Matthijs, Physica 2, 623 (1935).

M-7c. Powell, Rogers, Coffin, J. Research Natl. Bur. Standards 59, 349 (1957).

M-8. F. R. Charvat and W. D. Kingery, J. Am. Ceram. Soc. 40, 306 (1957).

M-9. E. J. Smoke and J. H. Koenig, College of Engin. Res. Bulletin, No. 40, Rutgers,j New Brunswick, N. J. (Jan. 1958).

SM-10. R. Berman, Advances in Physics 2, 103 (1953).

M-11. G. Leibfried and E. Schlomann, Nachr. Akad. Wiss. Gottingen, Math. pysik. Kl.
4, 71 (1954).

M-12. G. K. White and S. B. Woods, Phil. Mag. 3, 785 (1958).
M-13. P. G. Klemens, Solid State Physics, Vol. 7, pg. 47, Academic Press, New York,

1958.

M-14. Webb, Wilkinson, Wilks, Proc. Roy. Soc. (London) A214, 546 (1952).

M-15. Webb and Wilks, Phil. Meg. 4, 663 (1953),

M-16. Berman, Foster, Ziman, Proc. Roy. Soc. (London) A231, 130 (1955).

M-17. P. G. Klemens, Proc. Roy. Soc. (London) A208, 108 (1951).

M-18. H. B. G. Casimir, Physica 5, 495 (1938).

M-19. Sproull, Moss, Weinstock, J. Appl. Phys. 30, 334 (1959).

M-20. J. W. Stout and E. Catalano, J. Chem. Phys. 23, 2013 (1955)'.

M-21. Reference e. under Table M-3.

N-22. Nagamiya, Yosida, Kubo, Advances in Physics 4, 1 (1955).

WADD TR60-22, Pt. II 246



14W23. H. P. Rooksby, Acta Cryst. 1, 226 (1948); N. C. Tombs and H. P. Rooksby, Nature
165, 442 (1950).

M-24. Y. Y. Li, Phys. Rev. 101, 1450 (1956).

14-25. Reference i under Table M-3.

M-26. L. Passerini, Gazz. chim. ital. 59, 144 (1929).

M-27. Bacon, Street, Tredgold, Proc. Roy. Soc. (London) A217, 252 (1953).

14-28. G. Natta and L. Passerini, Gazz. chim. ital. 59, 139 (1929).

14-29.: N. Perkis and A. Serres, J. phys. radium 18, 47 (1957).

M-30. Goodenough, Wickham, Croft, J. Phys. Chem. Solids 5, 107 (1958).

M-31. Verwey, Haaijman, Romeijn, Oosterhout, Philips Research Reports 5, 173 (1950).

H1-32. F. J. Morin, Phys. Rev. 93, 1199 (1954).

P

I|
!
|

j WADD TRW0-22. Pt. II 247



APPENDIX 0 - THERMAL CONECTIVIT! STUDIES WITH THE P(• LL METHODl-)

A. I. Debl April, 1959

INTRODUCTION

Recent years have seen a substantial increase in the interest in, and the impor-
tance of thermal properties of materials. Such information aids in the search for
materials to meet the needs of new and special engineering applications. These data
also serve the design engineer in the analysis and evaluation of thermodynamic and
transport phenomena associated with many processes involving heat generation, dissip-
ation and flow. While there is available in the technical literature a considerable
amount of data on the thermal conductivity of most of the conmmon metals, such as cop-
per, iron, aluminum, etc. there is a definite need for data on new and non-standard
materials which are playing a prominent role in present day technology. Specifically,.
there is a need for a simple and rapid means for making thermal conductivity measure-
ments on small test specimens. Such a system or device should be applicable to ma-
terials covering a wide range of conductivity values, and to be of most value, it
should require a minimum of time for the preparation of the test specimens, and for
obtaining and reducing the measurement data.

The technical literature presents many methods for measuring the thermal conduc-
tivity of solids. These methods may be classified into two basic categories, namely:
1) static and 2) dynamic. The static or steady-state method consists essentially in
measuring the steady-state unidirectional temperature distribution between two paral-
lel or coaxial surfaces of the body in which a temperature gradient is maintained,; perpendicular to the surfaces. In the dynamic'method the temperature is varied sud-
denly or periodically for one portion of the sample, and the temperature change with
time is measured to determine the thermal diffusivity, CC, from which with a knowledge
of specific heat, c, and the density, O, the conductivity is derived from the basic
heat flow equation.

Thus it is seen that the determination of the thermal conductivity coefficient
for any material involves essentially the measurement of heat flow through a given
portiou of a sample over a given temperature gradient. The greatest problem is the
attainment of a heat flow pattern consistent with the theoretical relationships which
form the basis for defining conductivity. Under the steady-state method of determin-
ing thermal conductivity, the measurements are made under equilibrium conditions
which usually require several hours or even days to attain. Even when an equilibrium
state is attained, extraneous heat losses must be either measured experimentally or
reduced to insignificance. Reduction of the heat loss is generally accomplished by
thermal lagging or by the use of guarding with compensating heaters.

R. W. Powell has described a method of measuring thermal conductivity which dif-
fers from any of the conventional methods. The attractiveness of the Powell system
rests primarily on two factors:

1. The method is applicable to small samples having a simple geometry, for example,
a 1/2" diameter (or 1/2" x 1/2" square) x 1/8" thick disc type specimen. Such a sam-
ple would usually be available without special fabrication.

*. (1) Journal of Scientific Instruments 34, 485 (1957).
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2. The actual measurement can be made in the matter of minutes,, thus the cost of con-
ducting the test is low. The above factors are particularly significant when a numberfof materials are to be surveyed and when the materials are difficult or impossible to
fabricate into the special shapes and sizes normally required for conventional thermal
conductivity test procedures.

T_ POWELL COMPARATOR SYSTEK

General Description

The Powell method cannot be uniquely specified as being either a static or a dy-
namic method of measuring thermal conductivity. As will be shown in the analysis
which follows, a pseudo-static condition appears to exist following an initial trans-
ient of very short duration. If one touches a number of objects at normal ambient
temperature the substance with the highest thermal conductivity will feel the coldest
while the one of lowest conductivity will feel the warmest. If the objects are above
body temperature, the reverse will be true, that is, the best conductor will feel the
warmest, and the poorest thermal conductor will feel the coolest. The rate of heat
transfer from the hand to the substance, or the reverse, is primarily a function of
the thermal conductivity of the substance. Powell's device for measuring thermal
conductivity essentially replaces the human sensation of warmth and cold with physi-
cal measuring techniques.

In Powell's apparatus, two similar metal spheres are mounted in a block of balsa
wood such that one sphere is recessed just with-in the surface, while the other pro-
jects slightly beyond the surface, see Figure 0-1.

Thermocouple
Leads

Balsa Wood

Metal Spheres

0 0

Figure 0-1: Schematic of Mounted Metal Spheres Showing
Imbedded Thermocouples.

When the device is placed in contac t with the material under test, one of the
spheres makes contact while the other does not make physical contact with the mater-
ial. Thermocouples are mounted within each of the spheres and arranged so as to
measure separately or differentially, the temperature of the spheres. Powell observed
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that whea the assembly, initially at a uniform temperature above that of the materiql
under test, was placed on the sample material, the rate of decrease in temperature of
the contacting sphere, as compared to the non-contacting sphere, was a measure of the
thermal conductivity of the test material. Thus, after having calibrated the device
using materials of known thermal conductivity, it was possible to use it to measure
the conductivity of other materials. His calibration data indicated that for mater-
ials within a given range of thermal conductivity, there was a linear relation between
the rate of temperature change and the square root of the thermal conductivity.

Powell makes the statement that "by keeping the contact area small, it would seem
that the variable state becomes of very short duration so that the experiment is con-
ducted under relatively steady thermal conditions, when the thermal resistance govern-
ing the rate of heat transfer is primarily a function of the thermal conductivity ofthe materiai under test." His experimental data seem to bear this out. However., a
sound basis and more positive explanation of the phenomena are needed.

Basic Concepts

A study of the heat transfer phenomena involved in the Powell system has indi-
cated that the behavior does not lend itself to a rigorous theoretical treatment.
Certain empirical relations among the various parameters do exist and are observed ex-
perimentally, but these cannot be deduced and expressed on the basis of strictly the-
oretical considerations of the thermal phenomena. Many inter-related factors are in-
volved in the operation of the system. These include:

1. Size of detector sphere

2. Loading on detector sphere

3. Mechanical and thermal properties of the sphere and sample.

a. Young's modulus
a b. Elastic limit

c. Poisson's ratio
d. Density
e. Specific heat
f. Surface emissivity

4. Surface ConditionsI
a. Roughness
b. Presence of films

As a means of analyzing the basic aspects of the heat flow phenomena involved in
the Powell system, recourse was had to the closely analogous phenomena of electrical
conduction. Because of the fundamental similarity between the flow of heat within a
solid and that of electric charge in a non-inductive circuit, we can treat the prob-
lem of heat transfer by means of the electrical analogy. Ohm's law corresponds to
Fourier's law. The concept of electrical resistance corresponds to thermal resis-
tance; that of electrical capacity of a circuit component to thermal capacity of a
mass. This method enables one to analyze many transient and steady-state heat flow
problems which do not yield readily to direct theoretical solutions.
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A detailed treatment. of the application of the electrical analogy concept to the

thermal phenomena in the Powell comparator system is presented in Appendix P of the

Thermopile Generator Feasibility Study. The pertinent conclusion of the electrical
analog study was that in the operation of the Powell system, the transient heat flow
state, occurring at the instant the detector sphere is brought into contact with the
test sample, is of such short duration that the heat flow proceeds under essentially
steady-state conditions for a period of 10 to 20 seconds. Thus, the cooling rate of
the detector sphere during this time interval is a measure of the thermal conductivity
of the sample.

EXPERIMENT&L COW(ARATOR STUDIES

Preliminary Comparator Models

The initial phase of the experimental work with the Powell system consisted of
the fabrication of a number of simple laboratory models and a series of qualitative
studies of their performance characteristics. In the first unit, the detector
spheres, 3/8" diameter steel balls were mounted in transite block 2" x I" x 3/4"
thick. A number of turns of Nichrome heater element wire was wound about the block
to serve in heating the assembly. A No. 30 gage chromel-alumel thermocouple was im-
bedded in each detector sphere. A sketch of the unit is shown in Figure 0-2.

j ___Thermocouple

aLeads

Hete

I3/41

Steel Spheres

211

Figure 0-2: Schematic of Mounted Metal Spheres Showing
Imbedded Thermocouples.
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Test samples used with the comparator were 2" x 3/4" x 1/4" thick. In the opera-
tion of the unit• the block containing the detector spheres was heated to about 950C

and then manually applied to the test sample at about 250C. The differential output
of the thermocouples imbedded in the spheres was observed with a potentiometer re-
corder. The change in indication over a 10 second period after contacting the sample
was used as the response criterion.

The data obtained with the comparator described above, as well as with a second
unit in which 1/4" diameter phosphor bronze spheres were used as detectors, were re- ,
garded as qualitative only and served to point out problem areas which would require
study and analysis. 'The principal areas were:

1. Need for accurate control of the load on the contacting sphere.

2. Reduction of the flow of heat between the detector spheres through the supporting
block during an observation.

3. General reduction of heat losses from the detector spheres to the surrounding
structures.

I 4. Desirability of operating with smaller temperature differentials between detector
spheres and sample.

5. Need for maintaining uniform and reproducible surface finish on sample.

6. Need for avoiding oxide or other foreign films on surface of detector or sample.

OPERATING MODEL OF COMPARATOR

Thermal Comparator Model No. 3
On the basis of the information acquired in the preliminary studies, a thermal

comparator apparatus was designed and constructed for further evaluation of the Powell

meth-od of measuring thermal conductivity. A sketch of the apparatus, designated as
comparator No. 3, is shown in Figure 0-3. The detectors are 1/4" diameter spheres
mounted in transite blocks. Each of the detector supports is provided with an indi-
vidually controlled heater. Provision is made for varying the load on the assembly
over a range from 5 to 200 grams. To minimize the effects of air currents and extra-
neous heat losses, a closed end cylinder is placed over the equipment when observa-
tions are being made.

Thermal comparator No. 3 was originally provided with phosphor bronze detector
spheres. Experimental tests with this unit showed a considerable spread in the ob-
served data. After a detailed analysis of the data and a number of exploratory tests,
it was determined that a major cause of the wide variations was the formation of sur-
face films on the phosphor bronze detectors. It was observed that experiments con-
ducted immediately after cleaning the surface of the contacting sphere with crocus pa-
per indicated a considerably greater response than when the sphere had been exposed to
the atmosphere for as little as 10 minutes. In fact, successive observations showed
an appreciable drift in indication.

Another unexpected effect which was consistently observed with comparator No. 3
using the phosphor bronze spheres, was what appeared to be an upper limit to the heat
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flow rate, as indicated by the comparator response, regardless of the thermal conduc-
tivity of the test sample. This upper limit appeared to be reached with zinc as the
test specimen, and specimens with a higher thermal conductivity, such as aluminum and
copper, indicated approximately the same heat flow rate as the zinc sample. It was
first thought that the response of the instrumentation used in reading the comparator
signal might be limiting the observed signal. However, the substitution of a recor-
der having a much higher rate of response demonstrated that the limiting value of the
signal was inherent in the comparator itself.

An analysis of the conductance of heat through a small contact area, such as in
the case of a sphere in contact with a flat slab, shows that the overall conductance
will be determined predominantly by the material having the lowest conductance. For
example, if a sphere of good conducting material is placed in contact with a slab of
poorer conducting material, the heat flow through the contact area will be determined
primarily by the conductivity of the slab whereas if the conditions are reversed, the
sphere will predominate in determining the heat flow rate. Thus, ,if we apply this
analysis to the Powell thermal comparator, the detector sphere should be of a higher
thermal conductivity than any of the materials to be tested. It is believed that the
limiting value of response observed when comparator No. 3 was used with zinc, aluminum
and copper results from this situation.

Thermal Comparator Model No. 3A

The phosphor bronze detector spheres of comparator No. 3 were replaced by silver
spheres. This modified version, designated as Model No. 3A, should be expected to
yield a number of specific advantages over the original design.

Silver has a higher value of thermal conductivity and the comparator should
therefore be applicable to materials over a higher range of conductivities.

The silver spheres should be less subject to the formation of surface films than
phosrihor bronze.

The surface emissivity of silver is lower than that of phosphor bronze; this re-
duces the radiation heat losses from the exposed surfaces of the spheres.

When a sphere is brought into contact with a flat plate, the area of contact be-
tween the two objects may be, expressed by the formula:

1 - 2 1-V22
a - 0.721 PD 1 +- - (0-)*

E1 E2

where a = radius of contact, inches
P - load in pounds
D - diameter of sphere, inches

Poisson's ratio
E Young's modulus

Subscripts l and 2 refer to sphere and plate respectively.

* R. J. Roark, Formulas for Stress & Strain, McGraw Hill, 1943, P. 275.
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Formula (0-1) applies for the case of elastic stresses only. If the elastic
limit of either of the materials is exceeded, equation (0-1) is no longer available.

A series of tests were conducted to determine the effect of loading on the re-
'sponse of thermal comparator No. 3A. The test specimens included three steels, zinc
and aluminum in the form of discs 3/4" in diameter and 1/4" thick. The surface of
each specimen was lapped to a uniform condition. The loading on the assembly was
varied from 20 to 200 grams. It should be pointed out that the loading values do not
represent the actual load on the contacting sphere since the sphere is one of three
points of support, and in addition, the force required to overcome the spring resis-
tance is also included in the loading values. The test data are summarized in Figure
0-4. It will be noted from the graphs in Figure 0-4 that with the exception of the
zinc specimen, the response of the comparator becomes relatively insensitive to load-
ing in the range 150 to 200 grams. The cause for the behavior of the zinc sample is
not apparent.

Thermal comparator No. 3A was used to intercompare the thermal conductivity of
eight metallic materials covering a range in conductivity of 0.15 to 2.4 watts/cm0 C.
The specimens were prepared in disc or rectangular form, 1/4" thick. Surfaces were
lapped and cleaned prior to test. A loading of 200 grams was used throughout the
tests. The observed data are summarized in Table 0-1 and shown graphically in Figure
0-5.

UTBLE 0-1j DATA OBTAINED WITH THERMAL COUARATOR NO. 3A

loading 200 grams, Sample Temperature 280C, T - 120C

Conductivity Deflection
watts/cm °C pv/10 sec.

BllG25H (CuCoBe alloy) 2.36* 217.
Aluminum 2.2 190.
Zinc 1.13 172.
134A2C (cold rolled steel) 0.61 133.
B50A8D (steel) 0.46* 110.
416SS 0.25 86.
304•SS 0.16 60.
ML1700 (special steel alloy) 0.15* 48.
Quartz 22.

* The asterisk refers to measured values of thermal con-
ductivity. All others are "book values" from the tech-
nical literature.

The solid line in Figure 0-5 represents the calibration of the comparator estab-
lished on the basis of the three materials of known conductivity. The dashed lines
indicate a deviation ._10% from the calibration line.

The data in Figure 0-5 indicate reasonably consistent results for all but the
aluminum specimen. However, this may be fortuitous since the "book values" of ther-
mal conductivity available in the technical literature show a considerable spread.
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Furthermore, the accuracy of the measured values of thermal conductivity on which the
calibration curve is based, is estimated to be between 5 and 10Z.

It would appear, however, that for these metallic materials having thermal con-
ductivities in the range of 0.16 to 2.4 watts/cmOC, the comparator is capable of giv-
ing reasonably consistent test data. The need for additional materials with known
values of thermal conductivity to serve as standards is evident.

The experimental studies with the Powell system up to this point have been con-
cerned with metals having thermal conductivities in the range of 0.15 to 2.4 watt,,/
cm°C. One of *the primary areas of interest in the thermoelectric generator program
is in materials of low thermal conductivity, namely 0.01 to 0.15 watts/cm°C. These
materials are largely in the category of semi-conductors or insulators. The physical
properties of these materials generally differ considerably from those of the metals
class. Furthermore, several of the materials included in this s~tudy were available
only in small irregular shaped samples. These factors necessitated some modifica-
tions in the techniques of applying the Powell method.

The arrangement for applying the load on the contacting sphere was changed so
as to provide a means of obtaining a value of the force which the sphere exerted on
the' test sample. This was accomplished by applying the load along the vertical axis
through the center of the sphere and correcting for the load required to cause the
sphere to just make contact with the test specimen. By this means the actual net
load on the sample could be obtained. The comparator with this modification was des-
ignated as No. 3B.

In the case of a number of the materials, only a single small irregular shaped
piece was available for the conductivity studies. In those instances the surface on
which the detector sphere was to make contact was ground flat and lapped to the final
finish. An alternate material having as nearly as possible the same surface radiat-
ing characteristics as the test specimen was placed below the non-contacting silver
sphere.

The initial test with the low-conductivity materials was to study the effect of
load on the response of the comparator for each of the test materials. These data
are summarized in Figure 0-6. Since the thickness of the individual samples varied
in thickness from about 0.08" to about 0.25", the load on the detector sphere which
was required to cause the sphere to just make contact with the sample was subtracted
from the total load on the sphere to obtain the true loading on the test specimen.
The data in Figure 0-6 indicate a relatively low sensitivity of comparator response
to loading of 5 to 15 grams. A net loading of 12 grams was selected as being appro-
priate for this class of materials.

A cross plot of the data in Figure 0-6 for a net loading of 12 grams is shown in
Figure 0-7. It is unfortunate that additional data on the thermal conductivity of
these materials is not available so as to obtain a measure of the effectiveness of
the comparator system for this class of materials.

Thermal Comparator Model No. 4

The information and experience gained in the study of the Powell comparator sys-
tem as presented above led to the design and construction of a unit embodying those
features which would make for a practical thermal conductivity device capable of oper-
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ation at temperatures up to about 5000C. A photograph of the unit, designated as
Comparator No. 4, is shown in Figure 0-8.

The detector spheres, 1/4" diameter silver balls, are mounted in lava supports.
No. 30 gage chromel alumel thermocouples are located at the center of each sphere.
An electric heater element is wound on each support and imbedded in alundum cement.
The normal position of each of the detector spheres relative to the test specimen is
adjusted by means of a counter weight and adjusting screw. The test specimens,
either 1/4" x 1/4" square or 1/4" round sections of 1/8" to 1/4" in thickness, are
mounted on individual pedestals. Provision is made to heat the test samples within
the supporting pedestals by means of individual heaters surrounding the pedestals.
The load on the contacting sphere is located directly above the sphere and can be ap-
plied remotely by means of an air operated bellows. All components of the comparator
are capable of withstanding temperatures of 5000C.

Because of a time and cost limitation on the thermal conductivity program, only
a limited amount of experimental testing was possible with thermal comparator No. 4.
All tests were conducted with the samples at ambient temperature, namely 280C and
with the detector spheres at 400 C. An initial test to determine the effect of load-

j ing on the comparator response was conducted on five materials covering a wide range
of conductivity. The results are shown in Figure 0-9. The response versus loading
shows an approximately linear change with loads in the range 50 to 200 grams. This
is in contrast to the observations on comparator No. 3A where the response tended to
level off for the higher loads. On the basis of these data, a load of 200 grams was
selected for all subsequent tests.

Response tests with comparator No%. 4 were conducted with nine materials. These
data are summarized in Table 0-2 and shown graphically in Figure 0-10. Unfortunately
measured values of conductivity are available for only four of the materials. For
the remaining materials, quoted values found in the literature are shown. Such values
are not necessarily applicable for the samples used in the tests.

TABLE 0-2

CALIBRATION RESPONSE - C(EPARATOR NO. 4

k Deflection
Material watts/cmoC mv/10 sec.

BllG25H (CuCoBe Alloy) 2.36* 90
B4A2C (CR Steel) 0.61 69
B50A8D (Steel) 0.46* 58
304SS 0.16 29
ML-1700 (Special Steel Alloy) 0.15* 39
MnSi2 20
PbTe 0.031 14
Fused Quartz 0.012 12
Pyrex 0.011* 11

* Measured values of conductivity
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APPLICATION OF POWELL SYSTEM AT HIGHER TEMPERATURES

Most materials exhibit a significant variation of thermal conductivity with tem-
perature. For this reason it is important to be able to make conductivity measure-
ments over a range of temperatures. This is particularly true for the newer thermo-
electric materials which are being developed under the Thermopile Generator Study pro-
gram. The problems associated with making thermal conductivity measurements increase
in complexity and difficulty as the temperatures are increased.

In the operation of the Powell system, the basic assumption is that the heat
transfer from the detector spheres to the surroundings by processes other than con-
duction through the contact area is the same for the two spheres, thus making the
response solely a function of the conduction heat flow through the contacting area.
If this balance of heat exchange between the individual spheres and their surroundings
is upset, the difference will be included in the response signal and interpreted as
heat flow through the contact area. Thus, it is essential that the balance conditions
be maintained for all operating temperatures.

Radiation Effects

Because of the Stefan-BoLtzmann fourth power radiation law, radiation plays a
much greater part in the heat traaafe. between objects at high temperatures than at
ambient temperatures. Thus, while it may be permissible to neglect the radiation ex-
change between the detector spheres and the samples in the operation of the Powell
comparator under ambient temperature conditions, this may not be the case for tests
at higher temperatures. To obtain a better appreciation of the magnitude of the radi-
ation effect let us calculate the rate of heat exchange between the detector sphere
and the test sample for a range of temperatures and compare this radiation heat trans-
fer with the heat flow from the detector sphere to the sample through the contact
area.

From the experimental data obtained with Comparator No. 3A as listed in Table 0-1
for the condition of a 120C differential between sample and detectors, we can obtain
the conduction heat transfer, 4c, from the contactingsphere to the sample. This can
be computed using the equation:

4c - vc AT (0-2)
P At

where v and c are the density, volume and specific heat, respectively, of the con-
tacting sphere and AT is the rate of temperature change, °C/sec.

For comparator No. 3A with 1/4" diameter silver detector spheres,

10- 10.5 g/.cm3

v - 0.134 cm3

c - 0.056 cal/g.°C

Convertingov deflection (in Table 0-1) to temperature, oC, V°C - 41 ,v.

Selecting four materials listed in Table 0-1, we can calculate 4c through the
contact area.
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TABLE 0-3
CALCULATION DATA

Deflection T/At
Material ua/lO sec. OC/sec. oal/sec. watts

Aluminum 190 4.6 .0362 .151
B5OA8D 110 2.7 .0213 .089
304SS 60 1.5 .0118 .049
Quartz 22 0.5 .0039 .016

For the present purpose we shall assume that 4c does not vary with temperature.
This is not strictly true but may be considered so in comparison to radiation heat
transfer.

For the case of heat transfer from the sphere to the sample by radiation, 4r,
let us make the simplifying assumption that the radiation from the exposed hemispheri-
cal surface of the sphere is equivalent to that from the surface of a disc of the same
diameter as the sphere. Thus the radiation heat exchange will be that between two
flat surfaces, 1/4" in diameter. This may be expressed by the Stefan-Boltzmann equa-
tion:

Qr A (T 4  T2
4 ) (0-3)

| I0"12 watts

where tT- 5.67 x 1012 w•att

A - 0.317 cm2

TI and T2 are the temperatures,
K, of sphere and sample, res-
pectively

Ivor our case T - T2- 120K. Substituting in equation (0-3):

T1 T2 4r

OK OK watts

300 288 0.0022
400 388 0.0052
600 588 .0181
800 788 .0431

1000 988 .0846
1200 1188 .1467
1400 1388 .233

The variation of the radiation heat transfer rate, )r, with temperature is shown
graphically in Figure 0-11. Shown on the same graph is the conduction heat transfer
rate, 4c, through the contact area for aluminum, B5OA8D (steel), 304SS and quartz.

In the application of the Powell comparator system, the purpose of the non-con-
tacting sphere is to enable the heat losses from the contacting sphere, except that
conducted to the sample through the contact area, to be balanced out, so that the com-
parator response will indicate only that conducted to the sample. At low temperatures
when the extraneous heat losses from the spheres are low in comparison to that conducted
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through the contact, the balancing can readily be accomplished. However, at the
higher temperatures, where the radiation losses increase while the conduction through
the contact remains approximately constant for any given material, the balancing of

Sthe heat losses from the two spheres becomes more difficult and must be made to an
increasing degree of precision. Let us assume that we are able to accomplish the ra-
diation balance to within 57. of the total radiation heat exchange.

From the curve, Figure 0-11, we obtain the radiation heat transfer rate for se-
lected temperatures:

TABLE 0-4
RADIATION DATA

Sample Radiation Heat 57. of Radiation
Temperature Transfer Rate Heat Transfer Rate

oc OK Watts Watts

50 323 0.002 0.0001
300 573 .015 .0007
600 873 .057 .0028

1000 1273 .175 .0088

From the values in the last columns of Tables 0-3 and 0-4 we obtain the follow-
ing data:

S~TABLE 0-5

COMPILED VALUES

SSample •05irl c
Temperature
__oc_ Aluminum B5OA8D 304SS Quartz

50 .001 .001 .001 .006
300 .001 .01 .014 .044
600 .019 .028 . o057 .175

1000 .058 .099 .18 .55

From the data in Table 0-5 the percentage error due to a 5% out-of-balance in ra-
diation is indicated. It is apparent that the low conductivity samples would require
better than a 957. radiation balance if satisfactory measurements with the Powell
method are to be made.

It should be pointed out that in the radiation calculations above a surface emis-
sivity of unity has been used whereas the value for silver is of the order of 57..
However, due to geometry considerations, the effective emissivity of the radiating
spheres would be considerably higher. It is believed that the values in Table 0-5 are
on the conservative side.

Sample Protection

In the application of the Powell system the surface condition of the test sam-
ples is an important consideration. The presence of an oxide film or other foreign
matter on the surface of the sample will seriously affect the comparator response.
The same holds true for the detector spheres.
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For observations under ambient temperature conditionsY the surface condition of
most materials would be expected to be sufficiently stable to allow measurements to
be made within a reasonable time period without surface alterations. However, for
higher temperature studies, particularly above about 2000C, most base metals will de-
velop an oxide coating when exposed to air for minutes. To prevent this from occurr-
ing, it is suggested that the Powell comparator be operated in vacuum. This can be
done with a bell jar placed over the apparatus. For some materials a high vacuum
would be required to prevent surface oxidation.

Another advantage of operating the comparator in a vacuum would be the elimina-
tion of convection currents which should improve the temperature stability throughout
the apparatus.

DISCUSSION OF RESULTS

The study of the Powell method for measuring thermal conductivity of solids has
evoked considerable thought and discussion on the basic heat transport phenomena in-
volved. The attractiveness of the method from its applicability to small test sam-
ples and the time required to conduct a test have stimulated efforts toward finding
a sound basis for its acceptance and a full realization of its capabilities. Al-
though it has not been possible to carry out a rigorous theoretical analysis of Lhe
heat transfer phenomena involved, the results of the electrical analog study indi-
cnte that a condition of steady state heat flow exists in the contact area between
the detector sphere and the sample. This leads to the conclusion that the res~ponse
of the comparator is a measure of the conductivity of the sample and not the diffu-
sivity. The analysis also shows that the contact area must be small, of the order
of a few mils, if this condition is to prevail.

The results of the tests with metals having conductivities in the range of 0.15to 2.4 watts/cmOC, as presented in Figure 0-5, indicate a promising degree of success
of this method, at least for the ambient temperature conditions. The analysis of the

effects of radiation heat transfer between the detector spheres and the sample for
metals in this conductivity range indicate that for materials with conductivities
higher than about 0.5 watts/cmOC the Powell method should be applicable to at least
6000 C. For temperatures above 6000C and for material of lower conductivity, a better
than a 95% control of the radiation balance would be required. This may be feasible
by closer attention to the emissivity factor and temperature measurement and control• factors.

The materials of major interest to the Thermopile Generator Study program fall
in the conductivity range 0.01 to 0.15 watts/cmOC. The experimental tests with ma-
terials in this class have been seriously limited by the lack of reference standards
of known conductivity. A sample of pyrex with a measured value of k - 0.011 watts/
cmOC was obtained from the National Bureau of Standards. This was the only suitable
reference standard available. However, the comparators used with the low conductiv-
ity materials indicated adequate response signals, and it is believed that with pro-
per reference standards the Powell system would yield satisfactory conductivity data.
The effects of radiation are more severe with the low conductivity materials as in
Table 0-5. However, operation at temperatures up to 3000C are believed possible.

For conductivity measurements with the Powell system above 100°C it is believed
that enclosing the comparator in a vacuum would be required to prevent extraneous
surface films. Even ambient temperature operation would be improved by a vacuum en-
closure.
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As a final conclusion of the study of the Powell system, -we believe that the
method offers a practical means of obtaining relative thermal conductivity data on a
wide range of materials. With the availability of reference standards over the range
of conductivities covered, absolute values of conductivity could be determined. For
materials with conductivities above 0.5 watts/cm°C, measurements at temperatures up
to 6000C are believed possible. For the insulator type materials with conductivities
in the range 0.01 to 0.10, operation may be feasible up to about 3000 C.

itII

WADD TR6O0-22, Pt. II 270



AflUDIX P - THE POWELL MIT13W OF .SUDma THK Tom" W=CTrVITY ff SOLIDS

A. I. Dahl February, 1959

ABSTRACT

Powell's method* for determining the thermal conductivity of solids is analyzed
from the viewpoint of the, bziic heat transfer concepts involved. Since the method
does not appear to lend itself to a rigorous theoretical analysis of the thermal phe-
nomena involved, it has been attacked by a consideration of an equivalent electrical
analog. This approach rests on the fundamental similarity between the flow of heat
within a rigid body and that of charge in a non-inductive electric circuit.

The analysis indicates a justification for the contention that in the applica-
tion of Powell's thermal comparator method, the thermal resistance governing the rate
of heat transfer is very predominately a function of the thermal conductivity of the
material under test. This establishes the validity of regarding the comparator indi-
cations as true measurements of thermal conductivity.

INTRODUCTION

The need for a simple, inexpensive method of measuring the thermal zonductivity
of solids has long been recognized. To be generally useful such a method should be
applicable to samples of such a size and shape as would be readily available without
special fabrication. Powell's method is an approach toward meeting the above cri-
teria.

If one touches a number of objects at normal ambient temperature, the substance
uith the highest thermal conductivity will feel the coldest while the one of the low-
est thermal conductivity will feel the warmest. If the objects are above body tem-
perature, the reverse will be true, that is, the best conductor will feel the warmest
and the poorest thermal conductor will feel the coolest. The rate of heat transfer
from the hand to the substance, or the reverse, is primarily a function of the thermal
conductivity of the substance. Powell's device for measuring thermal conductivity es-
sentially replaces the human sensation of warmth and cold with physical measuring
techniques.

In Powell's apparatus, two similar metal spheres are mounted in a block of balsa
V wood such that one sphere is recessed just within the surface while the other projects

slightly beyond the surface, see Figure P-1.

Thermocouple
Leads

Side View Base View

Figure P-i: Schematic of Mounted Metal Spheres.
* R.W. Powell, Journal of Scientific Instruments, V. 34, p. 485, Dec. 1957
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When the device is placed in contact with the material under test, one of the
spheres makes contact while the other does not make physical contact with the material.
Thermocouples are mounted within each of the spheres and arranged so as to measure sep-
arately or differentially, the temperature of the spheres. Powell observed that when
the assembly, initially at a uniform temperature above that of the material under test,
was placed on the sample material. the rate of decrease in temperature of the contact-
ing sphere, as compared to the non-contacting sphere, was a measure of the thermal con-
ductivity of the test material. Thus, after having calibrated the device using mate-
rials of known thermal conductivity, it was possible to use it to measure the conduc-
tivity of other materials. His calibration data indicated that for materials within a
given range of thermal conductivity, there was a linear relation between the rate of
temperature change and the square root of the thermal conductivity.

Powell makes the statement that "by keeping the contact area small, it would seem

thpt the variable state becomes of very short duration so that the experiment is con-
ducted under relatively steady thermal conditions, when the thermal resistance govern-
ing the rate of heat transfer is primarily a function of the thermal conductivity of
the material under test." His experimental data seem to bear this out. Bowever, aj firmer basis and explanation of the phenomena are needed.

ELECTRICAL ANALOGY STUDIESI A study of the heat transfer concepts involved in the Powell device has indicated
that the behavior does not lend itself to a rigorous theoretical treatment. Certain
empirical relations do exist as is evident from the experimental results, but these
cannot be deduced from strictly theoretical considerations of thermal phenomena. As a
means of investigating the basic physical aspects of the problem, recourse was had to
the closely analogous problem of electrical conduction on which some basic theoretical
information may be obtained by the consideration of electrical contacts. Credit is
due D. W. Jones, G.E.L., for this phase of the work.

Contact Area

When a sphere is brought in contact with a flat slab, the radius, a, of the con-
tact area which is formed (providing the elastic limit of the materials is not ex-
ceeded) is given by the expression:

a 0.-2 12 1- (P-21a - 0.721 + 2

where P = total load, pounds
D

D- Diameter of sphere, inches

- Poisson's ratio

* Modulus of elasticity psi

Subscripts 1 and 2 refer to sphere
and slab.

The contact area is, thus, a function of the load, sphere diameter, and of the
sphere and slab material properties.
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It may be of interest to note the variations in those mechanical properties of
materials which would influence the contact area.

TABLE P- 1

16CHANICAL PROPERTIES

Young's Modulus. Poisson's
Material psi x 10-6 Ratio

Aluminum 10 0.33
Copper 16 .33
Nickel 30 .28
Tin 4 .33
Silver 11 .37
Zinc 12 .3 *
Tungsten 51 .17
304SS 29 .3 *
Phosphor Bronze 16 .35
Brass 15 .3 *
Silica Glass 10

*Estimated Values

Calculations have been-made of the contact radius, a, with 1/4" diameter phosphorI bronze and silver spheres on various materials:

TABLE P-2

CONTACT DIMENSIONS

Phosphor Bronze Sphere, 1/4" diameter

Contact Radius, a - inches a/a
Plate Stainless
Material P - lOi P= 50g P - 10Og Steel

Aluminum 0.00067 0.00114 0.00144 1.22
Copper .00061 0.00105 0.00132 1.12
304SS .00055 0.00094 0.00118 1.00
Zinc .00064 0.00110 0.00139 1.18

Silver Sphere, 1/4" diameter

Aluminum 0.00070 0.00120 0.00151 1.16
Copper .00065 0.00112 0.00141 1.08
304SS .00060 0.00103 0.00130 1.00
Zinc .00067 0.00114 0.00144 1.11

The radius of the contact area formed when a sphere is brought in contact with

each of the materials as compared with the radius of the contact area of the sphere.
on stainless steel, as given in the last column of Table P-2, indicates a very sig-
nificant variation for the different materials. Furthermore, there are significant
variations in the values of the modulus for a given material depending upon its mech-

anical condition, whether in a hardened or annealed state.
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Contact Resistance

It can be shown that when two objects, such as a sphere and a slab, are brought
into contact, the electrical resistance (neglecting the resistance of any surface
films that my be present) throut'- the two contact members is given by the equation:*

R R, (P-2)I +RI÷R2  ka +

where k- conductivity

a - radius of contact area

subscripts 1 and 2 refer to
the two bodies.

Let us confine our attention to a single contact member, the slab.

On the basis of theory of current flow through electrical contacts as developed
by Hola, the equipotential surfaces in the vicinity of a circular contact area of ra-
dius a will be represented by semi-ellipsoids with the equation:

2 2 2
+ + -- =1 (P-3)2 2,

where u is a parameter and the coordinate axes coincide with the directions x and y.
From equation (P-3) we see that the height of a semi-ellipsoid (normal to the xy-
plane) is ;iT and that 4a21; is its axis in the x and y directions.

The resistance from the contact area to an equipotential plane in terms of the
parameter u is given by the equation:

R 1 u du 1dz 2 tan- IN

u 4 ok (a 2 +) j7r J2;~2F 1aJ(T4

The total resistance is obtained by setting u O CD

Rtotal 1- (P-5)

This value of resistance corresponds to that given by equation (P-2) for each of
the contact members.

* Ragnar Holm, Electric Contacts, Hugo Gebers Forlag, Stockholm, 1946.
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Let us divide the contact member into volume meshes of equal resistance such that,
beginning at the contact area, the boundaries of the meshes are equipotential surfaces.
It can be shown that the equipotential surfaces will be ellipsoids given by equation
(P,-3) where

_ 2
u - (0.072, 0.333, 1, 3, 13.9) a

Figure P-2 represents such a series of equipotential surfaces with the resistance be-
tween two consecutive surfaces equal to R/6. The sections drawn are ellipses with
their focal points at the extremities of the contact diameter. Thus having defined
the boundaries of the meshes, we can calculate the volume of each.

Electric Network

Let us now represent the case of an electric discharge through a contact between
a sphere and a slab with an R-C network. We will arbitrarily divide each contact
member into six meshes of equal resistance with the boundaries of the meshes as equi-
potential surfaces corresponding to those shown in Figure P-2. Such a network is in-Sdicated by Figure P-3. In the network representation:

Rl and R2 refer to the resistances of the individual meshes of the slab
and sphere respectively. The c's refer to the capacitances of the indi-
vidual meshes, the first subscript designating the contact member and
the second the particular mesh.

Rf refers to the film resistance.

Because of the fundamental similarity between the flow of heat within a solid and
that of charge in a non-inductive circuit, we can treat the problem of heat transfer
by means of an electrical anal]ogy. Ohm's law corresponds to Fourier's law. The con-

"I .cept of electrical resistance corresponds to thermal resistance; that of electrical
capac'.ty of a conductor to thermal capacity of a mass. This method enables one to

a solve many transient and steady-state heat flow problems which do not yeild readily
to di;*ect theoretical solutions.

APPLI(UATION OF ELEC1RICAL ANALOGY TECHNIQUE TO POWELL' S CaUPARATOR

'We shall now employ the method of electrical analogy to describe the heat trans-I fer phenomena in the measurement of thermal conductivity with Powell's comparat6r.

Detector Sphere - Silver, 1/4" Diameter

Conductivity Sample - 1-l700 Stainless Steel Slab, 1/4"1 Thick

TABLZ P-3

TERNIAL PROIERTIES

Property Material

SSS WL1700

k (hrBtu\ 242 8.7
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I uz 13.9a(2

u= 3 a2

.•u=0.07320

, ~ Figure P-2: The Resistance. Between Two Consecutive Equipotential

Surfaces of the Figure. is 1/6 of ,the Total Contruct-
i t~on Resistance in One Contact M/ember.

I
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Cl,

-~R 1  Cis 4

R 1 R2 1 2

R2 II c2fI

RF

SR2 -e C2 1,

R2 C2 2R C2, 3
R2

2IC 2 4

R2  C2 ,,5
C2 ,

Figure P-3: Equivalent Electric
Contact Network.
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Property Material

M SS ML- 1700

y~b)650 500

(Btu
c 0.10 0.12

. Btu
C 65 60

With a 10 gram load, the contact will be a disc 0.00060" in radius (see Table

Dividing each of the contact members into 6 meshes of equal resistance, we can

calculate RI and R2 using equation (P-4). The volumes of the meshes may be calcul-Iated from the data in figure P-2. From the volumes and the thermal properties, Table
P-3) the capacities of the meshes are obtained.

The ca lculations are sumarized in Table P-4, The data are given in the equival-
ent electrical units.

t TABLE P-4

SILVER SPHERE, - S SLAB, 0.0006" RADIUS CONTACT

Stainless Steel Slab Silver Sphere

Mesh Resistance Capacitance Resistance Capacitance
No. Ohms uuf Oh

1 95.7 4.5 3.44 5.
2 95.7 7.5 3.44 8.
3 95.7 19. 3.44 21.
4 95.7 77. 3.44 84.
5 95.7 768. 3.44 830.
6 95.7 *1134 x 106 3.44 **305 x 106

* volume - hemisphere 1/4" radius

** volume - sphere 1/4" diameter

From the data in Table P-4 we can substitute for the R's and c's in Figure P-3.
This has been done in Figure P-4.

From the data in Table P-4 we can compute the charging time, V , (. u time con-
stant) for the various meshes in the circuit. These are given in Table P-5.
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95.l , 1.34 uF

95. 7 A 768 uuF

95.7-A 77 uuF

95.7. 1 [9 uuF

95.741 7.5 uuF

957*f4 45 UuuF

RF

3.44.0. IIuuF

8 UUF
L•

! 3.441.0 -. 4 uu

3.442. J21uuF

3444.r 1184 uuF

344 ,830 uuF

3.44A 1.1o5uF

Figure P-4: Equivalent Electrical
Circuit, 1/4" Silver
Sphere, Stainless
Steel Slab.jWADD TR60-22, Pt. It 279



TABI P-5

CRALGING TIES SILVER SPHER - SS SLAB, 0.0006" RADIUS CONTACT'

Resistance Capacitance V-Seconds
R-C Circuit Me~hms (R (RC x 3600)* Seconds

R, + R2 ; 99 x I0-6 9.5 x 10-6 0.0034 x 10-3 0.017 x 10-3

C1ýl + C2 I
2(RI + R2 ); 198 x 10-6 15.,5 x 10-6 0.011 x 10-3 0.052 x 10-3
Cl 2 + C2.2

3(R1 + R2); 297 x 10-6 40. x 10- 6  C,.043 x 10-3 0.22 x 10-3

Cl.3 + C2, 34(R1. + R2 ); 396 x c-6  161. x 10-6 0.240 x 10-3 1.2 x 10-34C(R1 + R2); 36x401
S(R1 + R2); 495 10-6 1760. x 10-6 3.14 x 10-3 15.7 x 10

C1,5 + C2,)5
6(R1 + R2 ); 594 x 10-6 1439. x 100 3.1 x 10+3 15.4 x .0+3

C1,6 + C2 , 6

*Transfers equivalent electrical units from hours to seconds time base.

CONCLUSIONS

An examination of the data in Table P-5 indicates that the, time required to
bring the volume of material corresponding to as much as 5/6 of the total contact re-
sistance to essentially a fully charged state amounts to about 16 milliseconds.
Thereafter the only impedance to the flow of charge is the resistance of the contact.
Thus the basic premise of Powell's method, that the variable state is of such short
duration that the experiment is conducted under relatively steady thermal conditions,
appears to be valid. In Powell's experimental technique, as well as our own, the
rate of cooling of the detector sphere was observed to be essentially constant over a
10 second interval. Thus the initial transient, occurring in early stages of the ex-
periment can be considered to have a negligible effect on the measured cooling rate.
The cooling rate is therefore a measure of the thermal conductivity of the sample.

The data in Table P - 5 were calculated for stainless steel as the sample mater-
ial. Similar calculations have been carried out for aluminum and quartz, materials
which differ widely in thermal conductivity. These data indicate that, so long as
the contact area is small (corresponding to a 10 gram load on a 1/4" diameter silver
sphere), the charging time is of such short duration as to have a relatively insig-
nificant effect on the cooling rate.

It can be shown that the time constant, ., is inversely proportional to the
conductivity of the sample and directly proportional to the square of.the contact
radius. This emphasizes the desirability of maintaining a small contact area.

7

UADD TR60-22, Pt. II 280



APPNUIX Q -AN&LYSIS OF.RAD M MATII G APMUATUS

S. B. Dunham september, 1958

INTRODUýCTIOK

An analysis has been made of the effect of radiant heat loss on the accuracy of
the measurement technique developed by Harman and Logan for the measurement of the
absolute values of the thermoelectric power and thermal conductivity. The method isI fully outlined in their report. (Q-l) The method involves the use of the Peltier heat
to maintain a temperature gradient across the specimen. The measurement of this
gradient, the voltage across the specimen, and the ac resistivity allows the calcula-
tion of the absolute value of the thermoelectric power and the thermal conductivity.

The purpose of the analysis was to determine what the temperature generated by
thermoelectricity at the ends of the specimen would be in terms of that with no ra-
diant heat loss. The radiant heat loss will tend to drop the temperature difference.
At the operating temperatures involved in this project, this radiant heat loss was
considered to be a problem.

In order to make an analysis, certain assumptions were made as to the manner in
which the radiant heat energy flowed. The equations were developed for two different
situations. In the first the sample is located on the axis of a cylindrical oven.
In the second a platinum shield is interposed between the oven and the sample.

The problem becomes one of heat radiation between surfaces, one of which does
not have a uniform distribution of temperature. Since the distribution of tempera-
ture was considered to be uniform about any perimeter, a cylindrical geometry was
assumed.

14, UNSHIELDED SAMPLE

In the first situation, where the sample is unshielded from the oven, a cross-
section would have a square sample located in the middle of a circular oven. It is
now assumed that the net heat flow by radiation is only radial, while that by conduc-
tion is only axial. The amount of net radiation transfer is then held to follow the
Christiansen equation.*

- q (Q-l)

where in this case the emissivities 61i and 62 are considered as unity so that this
becomes for the sample section

i: (Q-l) T. C. Harman and M. J. Logan; Technical Report No. 1 on Special Measurement
S Techniques for Thermoelectric Materials with Results for Bi 2 Te 3 anid Alloys with Bi2

and Se3. Battelle Memorial Institute. June 1, 1958.

* Symbols are defined below.
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3 4%d (Q-2)

The heat flow out of the differential ele:ment. of the sample by radiation will be equal
to the difference in the thermal conduction heat due to the temperature gradient.

d2 E)sa

dqc =Ksa Asa dx (Q-3)c-a7A dx 2,

We can set these two heat flows as equal so that

23
d'2sa 4usa ) o0 EsaK A 0 (Q-4)

dx2  sa sa

In a complete solution of this equation we need a boundary condition. At either

end of the sample the heat output will be equal to that produced in the junction by
thermoelectric forces. This can be written in terms of the temperature drop along
the sample expected due to the Peltier effect if there were no other heat transfer
occurring except by conduction along the sample. The thermal gradient at either end

would become

dsa when x -0 or (Q-5)

dx ho

The solution of these equations becomes

~i e' cx. -cx
e-e e (Q-6)

e s "1 + e" J ce

where

4•sa •O4 Ksa sa 
(Q-7)

sa sa

These equations indicate that temperature distribution will be linear when the.
radiant heat loss is low and will be exponential near the ends when the radiant heat
loss is high.

In practice the sample will be at a different average temperature than the oven.
It will be generally lower due to conduction down the leads and radiation out the ends
of the oven. However, if the losses of this sort are symmetrical, and there is no
rapid change in the value of the thermal and thermoelectric coefficients of the ma-
terial, this method of measurement will cancel them out. The temperature of the sam-
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ple is of importance, and this is measured, not that of the oven. It would be neces-
sary to look at the design of the experiment more precisely to see how large the un-
sym.etry will be; until a particular experiment is designed it would be unprofitable
to set up any general rules.

Based on a preliminary design fora device which can operate in an oven ptosently
available, the constants in equations (Q-6) and (Q-7) are as follows:

(3 - Stefan Boltzmann Constant - 5.7 x 10-12 watts cm- 2 deg" 4

P -a - perimeter of sample - 2.54 cm
Asa - cross section area of sample - 0.403 cm2

•a 2 x 10-2 watts cr-1 deg- 1 (thermal conductivity of sample)
- 3.8 cm (length of sample)

The values of the ratio of the temperature at the ends of the sample compared
with that for the normal Peltier temperature of %p/2 are given in Tab'e Qý-.

EFFECT OF SHIELD

When a shield is introduced, the equations become much more complicated. In this
case we must take into account the fact that the emissivity of the shield is not unity.,
For platinum the value of 0.15 is taken as representative at all temperatures. The
equation of balance of radiant heat flow radially must be made with the conduction
heat flow axially both for the shield and the sample. In this case at the end of
shield we most have no axial heat flow. The equations of heat balance are

16 Cw o3 d2
"l.2Tr'rshe°3 esh + sh ba) shAsh 2sa£-~ ' sh h h(Q-8)

as d2xs

SI
+ 3Trrsr

sa 0 (Ge, -e sak sa Q 9346w e s~a 2 (
1 sa dx

These equations can be solved for the temperature distribution in the sample 0 SA
by the ordinary means of differential equations and substitution of the values for the
ends given above. When this is done, the resulting equation is of the form

.v I e a-x ge - 1, " v2 Fe . r22 e2 P2 x
sa + e e 2) (Q-10)

1 + e' 8+
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2 V- (2) 2

V1 (1 + P1 4 PP2 (Q-12)

(p1)2 . 1/2 (i ( + "2 + i 1 + j) + -, ' l'21 -12)

(?2) 1/2 Pi (I+ ) + 02 [P (1 + 0•+ 12 -4012 1(Q-13)

l. 2f, l'rh y 0
3  (Q-14)

Ksh Ash

166'0Wsa e03

02 = 34 W (Q-15)
1 + -- Ksa Wsa2

Ursh

Wsa

, /rh (Q-16

Wsa
1 + 34/3 -

arsh

In addition to the specifications of the sample, we now add those of the shield
(takinS two different sizes):

rsh - 1.59 cm, or 2..54 cm

Wsh ' 0.025 cm

K8 h - 0.71 watt cm"I deg"1

The effect of the two shields is thus shown in the final table.
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TABLE Q-1

SUMMARY OF RESULTS

Temperature difference across specimen with radiation heat losses taken into ac-
count for various temperatures. In each column the units are normalized so that the
temperature difference in the absence of radiation heat losses would be equal to 100.
Note that the units are thus different in different columns.

TYPE OF SHIELD 300K 500K 800K 1000K 1300K

None 82.0 53.0 27.7 19.8 13.3
5/8" radius 96.0 74.8 45.8 34.4 24.0
1" radius 89.0 66.6 39.0 28.9 19.9

LIST OF SYMBOLS USED

E. Emissivity of inner surface

F Emissivity of outer surface
a 2 Stefan Boltzmann Constant, 5.7 x 10-12 watts cm-2 deg-4

81 Temperature of inner surface
82 Temperature of outer surface

o0 Temperature of oven (average of sample)
sa Temperature of sample (difference from oven temperature)

0 sh - Temperature of shield (difference from oven temperature)
P Temperature of sample due to Peltier effect only

A1  Area of inner surface
A 2 Area of outer surface
Asa Area of sample (cross section)
A sh Area of shield (cross section)
K sa Thermal conductivity of sample
Ksh Thermal conductivity of shield
qr Radiation heat flow

qc Conduction heat flowPcsa Perimeter of sample

Sw sa Width of sample

w -Thickness of shield:- : itho o hil
sh Radius of shield

s Length of shield and sample
x - Distance along axis of sample and shield

Defined by equations are:

c - (Q-7) v 1 and v 2 - (Q-11)

Symbol Defining Equation
S• 1 (Q-12)

10 (Q-13)
P•2  (Q-14)
@1 (Q-15)2(Q-16)
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A.MNIX1 R MEASUREMENTS - Z man 4
F. A. Ludewig, Jr. May, 1959

.SECTION I: WXORMEMKL jO•

* OBJECTIVE

The objective of this phase of the program was to design,. construct and evaluate
an apparatus to measure certain characteristics of thermoelectric materials. The pa-
rameters of interest and target accuracies were as follows:

s - Seebeck coefficient - microvolts per degree C .+3%

e- Electrical resistivity - ohm-cm .+5%
s2

Z Figure of merit .- .+10%

K- Thermal Conductivity - milliwatts per degree C ±102

T- Temperature - degrees C t57%

All of the above listed measurements were to be made over a temperature range of

20 to 1000°C. The determination of K will be by the "Z meter" method.* The deter-
mination of s, , k, and Z are to be made on the same sample in rapid succession;
i.e. no significant changes in temperature, time or other environmental conditions.

Special preparation of the sample should be held to a minimum and a rapid (inj terms of hours) measurement system would be desirable. Certain samples are expected
to be difficult to prepare, therefore the smallest practical sample size consistent
with measurement accuracies is desirable.

I

I -Most of the measurements are to be made under vacuum, however provisions should
be made for the introduction of a specified gas.

MEASUREMENT CONSIDERATION

The objectives outlined above were established as desirable goals, however recog-
nizing that certain compromises would be necessary. The following discussion describes

I certain practical problems and possible compromises.

"Z Meter"

The above referenced report of work done at Battelle Memorial Institute describes
a measurement technique which enables calculation of thermal conductivity from a group
of voltage measurements provided the measurements are performed under certain thermal

* T. C. Harmon and M. J. Logan - Technical Report No. I on Special Measurement Tech-
niques for Thermoelectric Materials with Results for Bi 2 Te 3 and alloys with B12Se 3.
Battelle Memorial Institute, June 1, 1958.
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conditions. The basic heat flow assumptions are as follows. When a direct current
is passed through an active thermoelectric material, heat is transferred from one
Junction to the other, and the defining equation is qp - sIT where s is the Seebeck
coefficient, I is the current in amperes and T is the temperature in degrees K.

It is assumed that all of the heat transferred by the current flow is transferred
in the opposite direction, by thermal conduction, and the defining equation is
1c = KLT where K is coefficient of thermal conductivity, AT is the temperature dif-
ference it degrees C, A is cross sectional area in square centimeters and is the
distance between Junctions in centimeters. If this assumption can be considered valid
qp can be equated to q-. s, I, T, AT, A and t can be independently measured, there-
fore the equation can be solved for the only unknown, K.

In any practical case qc will rarely equal qp. If leads are attached to the sam-
ple there will be errors due to heat conduction in the leads. Unless special shield-
ing is used there will be radiation heat losses from all surfaces. Under certain con-
ditions these losses can be made small such that effects are within the accuracy tol-

erance. In other cases the heat losses can be determined and appropriate correctionsapplied which will reduce the effect of losses to something less than accuracy toler-
ance. Under other conditions neither of the above conditions can be achieved. It
should be noted the thermal conditions regarding the "Z meter" are the same conditions
that must be met in most devices used for the direct measurement of thermal conductiv-
ity; i.e. the magnitudes and directions of heat flow must be accounted for.

A more rigorous analysis of the heat flow problems is presented in a report byT. C. Harmon, J. H. Cahn, and M. J. Logan of Battelle Memorial Institute entitled -

Measurement of Thermal Conductivity by Utilization of the Peltier Effect.

Measurement of Electrical Resistivity

The measurement of electrical resistivity of samples of material with a low length
to cross sectional area ratio is best accomplished by a 4 terminal type measurement.
In the case of measurements on thermoelectric materials it is desirable to make the
measurement on alternating current. Since low resistance a-c bridges are generally not
available, the voltmeter ammeter method is commonly used. The accuracies obtainable
with normal instruments are within the target specification. The four probe measure-
ment is independent of contacting resistances, provided a high resistance voltmeter is
used; however the drop probes should be located in a region of uniform current distri-
bution. However, if the current distribution is not uniform the correction can be cal-
culated.

In general the current and voltage will be low level, therefore provisions are
needed for adequate shielding or filtering to eliminate errors due to extraneous pick-
up.

It was mentioned above that contact resistance of the probes is not of prime con-
sideration, however these contacts and sources of heat conduction losses must be fac-
tored into the "Z meter" heat flow equation.

j Measurement of Seebeck Coefficient

The Seebeck coefficient is in terms of microvolts per degree which means that it
is the voltage existing across a thermoelectric material when a temperature difference

WADDU•T6-22, Pt. I1 288



also exists. The measurement of s requires the creation of a temperature difference
across the sample, measurement of this temperature difference and measurement of the
d-c voltage across the sample. In the Z meter this temperature difference is created
by passing a d-c current thru the sample. The temperature difference is measured by
means of thermocouples attached to the ends of the sample. The d-c voltage drop is
measured on the same type thermocouple lead on each endý For good temperature measure-
ments the thermocouple junctions should be bonded via a good thermal path to the sam-
ple. Size and means of attaching the thermocouples should be such that the junction
is not cooled by conduction thru the leads.

Problems of Combined Measurements

The use of the "Z meter" systerm of measurement results in dete-,ý,mination of the
pertinent characteristics of a material; i. e. s. Y , K and Z. Howaver several com-
promises must be made in order to obtain satisfactory overall measurements. However
'under certain conditions satisfactory compromises are impractical. For example., the
accurate measurement of sample temperature requires a good thermal bond between the
sample and thermocouple junction, however, bonding techniques are unknown for the ma-
"terials under consideration. Second best to bonding is high pressure contact. To
provide the high pressure a substantial support is needed. The conductivity of this
support then becomes too large to be ignored. The support temperature cart be servoed
to the sample temperature, however radiation is still a problem, particularly at the
higher temperatures. Also the "Z meter" operates on small values of AT which requires
high servo accuracy.

The lack of bonding techniques is probably the largest single factor affectinghe limitation of the "Z meter" at high r temperatures. As is shown in the above men-
tioned reports, if a sample could be suspended via fine lead wires in a container of
known temperature the losses could readily be calculated and are inherently small.

Also at room temperature, support material with sufficiently low thermal conductivity
could be used so that adequate contact pressure could be obtained.

Another conflicting interest arises between the sample configuration most suit-
able for electrical resistivity measurement and the mo t suitable configuration to

minimize the significance of thermal loss s. A large I ratio is desirable for elec-
trical resistivity measurement. A large I ratio is desirable so that sample conduct-
ance is high in comparison to conduction Tosses and also to minimize radiation losses
for the measurement of thermal conductivity.

DESIGN OF MEASUREMENT DEVICESV The complete inter-relationship of the measurement problems was not fully appre-
ciated in the early stages of the program; also it was difficult to predict the measure-
ment accuracies attainable of each parameter. Therefore a design was evolved which
would evaluate the seriousness of each problem at room temperature on known materials.
Concurrently a theoretical analysis of the design was conducted to anticipate the prob-
lems to be encountered at high temperature where radiation losses become important.W Other designs evolved from experience gained during these tests.,"

• • Initial Design

The initial testing was planned for room temperature only, however the major por-
tions of the apparatus were designed for higher temperature use. Figure R-1 shows a
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sketch of the furnace, vacuum chamber and azmple holder. The quartz bell jar is ap-
proximately 2 inches in diameter and 18 inches long. The furnace is an M-2718 three
winding type manufactured by the Hevi-Duty Electric Company. The furnace was mounted
on rails for easy removal of sample. The auxiliary equipment such as vacuum pump,
vacuum gage, Variac controls for the furnace winding, etc. were standard laboratory
items and are not shown.

The details of the sample holder are shown in Figure R-2. Only the top assembly
is detailed, however the lower assembly was identical and consisted of a ceramic sup-
port plate which served as a terminal board and support for the sample and leads. The
sample was supported by the three 2 x 6 mil contact strips. The two outer strips were
platinum and the center strip was a butt welded Platinum-Platinum 10• Rhodium thermo-
couple. All joints were welded without the addition of a filler material. The leads
connecting the sample holder to the main lead wire (20 mil dia.) were 15 x 40 mil.
Provision was made so that the contact strip pressure could be increased by loading
with dead weights. The sample size selected for these tests was approximately one
quarter inch square by one and one half inches long.

Certain problems were expected with this design; for example the resistance mea-
surement was made via the three leads on the end. The two outside strips were used
as current probes and the thermocouple strip was used as the drop lead. The current

distribution at the end of the sample was not uniform, however the error due to this
was calculated. The radiation loss from the exposed side of the thermocouple strip
would cause the sensed temperature to be lower, particularly under conditions of high
thermal contact resistance between the sample and thermocouple strip.

The large ratio of the sample would be desirable for the resistance measurement,S however the thermal conductance of the sample was low and would be affected by the con-
duction in the contact strips.

Results of Initial Design

A sample of Bi2 Te 3 was obtained to evaluate the effects described above. The ef-
fects of these factors proved more detrimental than anticipated. The thermocouples
did not adequately sense the sample temperature, therefore S and K measurements were
unsatisfactory. This was attributable to high thermal resistance between the sample
and thermocouple contact strips.

The electrical resistivity measurements were difficult to make because of the ex-
cess amount of pickup. Shielding was deemed impractical because at elevated tempera-
tures the furnace winding would also produce pickup which could not be shielded against.
Therefore the circuitry shown in Figure R-3 was employed.

The measuring equipment consists of a supply of AC power to pass current through
the sample. The voltage drop developed in the sample is then applied to a stable am-
plifier. The output of the amplifier supplies current to the field coil of a dynamo-
meter wattmeter. The moving coil of the wattmeter is supplied with 400 cps sine wave
of constant amplitude (20 volts). Provisions are made to vary the phase of the volt-
age signal so that the two currents of the wattmeter are in phase. Full scale deflec-

* tion on the wattmeter corresponded to 2.0 millivolts of input to the amplifier. The
basic characteristic of a dynamometer instrument makes it an excellent electrical fil-
ter; i.e., if a pure sinusoidal signal is applied to one coil (in this case 400 cycles
on the moving coil) of a wattmeter and a signal containing 400 cycles plus other fre-
quency signals is applied to the other coil, the wattmeter deflection will be propor-
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tional to the products of only the two 400 cycles. Therefore the wattmeter can be
considered a perfect filter.

Other experimenters have used screened cages for these low level AC measurements
at room temperature. The results of the measurement of resistivity of materials by
this method appears to be completely satisfactory. Once the circuitry is set up and
adjusted, the measurement can be made almost as easily as vi a conventional volt-
meter.

Modification of Initial Design

Experience with the initial setup pointed up the contLct resistance problems.
Therefore the thermocouple strips were removed and replaced with a three rail conven-
tional beaded thermocouple which was inbedded in a 1/16 inch hole in the end of the

sample. The resultant measurements indicated that satisfactory measurement of 6T
could be obtained and the resultant values of s were satisfactory. However the value

of K and Z did not agree with other methods. The conductance of the contact strip is
approximately 207 of the sample conductance.

Conclusions based on Test kEperience

The above tests indicated that the resistance measuring circuitry was adequate
and could be modified to measure lower resistancis. Therefore based on the experience
with conduction losses, a sample with a smaller ratio would be desirable. Also the

alysis of the radiation losses (described in Appendix A) indicated that the presentfratio would be unsatisfactory. The radiation loss would be less for a cylindrical

sample. The compromise between thermal and electrical considerations resulted in a
suggested sample configuration such that the length to diameter ratio was between 0.5
and 1. However no satisfactory contacting means was obtained. Bonding techniques are
not necessarily known for the materials to be measured. Pressure contacts would neces-
sitate a support structure with resulting heat flow. Since the normal AT using the
"Z meter" approach is of the order of one degree it did not appear practical to servo
the support temperature to the temperature at the ends of the sample.

Z Meter Design for Room Temperature

A limited amount of information could be gained by making measurements at room
temperatures. At room temperatures two of the major limitations are greatly reduced,
i.e. radiation and material for the support structure, At room temperature material
such as polystyrene could be employed in the support structure without the need for a
of magnitude lower than the thermal conductivity of thermoelectric materials of inter-

est. Figure R-4 is a sketch of a possible design. Sinde this program was mainly con-
cerned with high temperature materials, no further effort was applied to this room
temperature device.

High Temperature Apparatus for Measuringa, K

The experience and investigations of the "Z meter" technique for measuring ther-
moelectric materials parameters indicated that the main problems were the age old prob-
lems existing in the measurement of thermal conductivity. The small AT obtained in the
"Z meter" was an additional hardship. Therefore attention was turned to the design of
a device to measure thermal conductivity Lith modifications such that s and 9 could
also be measured. The details of this design investigation are given in Appendix B.
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CONCUS IONS

The results of this phase of the program indicate that it is not practical to
build a "Z meter" for higher temperatures (above 100oC) unless the material to be mea-
sured can be bonded. The bond should make good electrical and thermal contact. The
analysis of the thermal conductivity apparatus, described in Appendix B, indicates
that measurements of s, a K and Z are feasible at high temperature.

The expected accuracies are as follows:

K- Thermal conductivity t13%

- Electrical resistivity t.5%

j s - Seebeck coefficient 5.5%

T- Absolute temperature +57.

It is to be noted that the above accuracies are estimated on the basis of the sam-
u) ple size described in Section III and based on the expected ranges of the parameters
I 'which would be useful for high temperature thermoelectric generators.

I

I
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SECTION II: ANALYSIS OF RADIATION HEAT LOSSES

An analysis has been made of the effect of radiant heat loss on the accuracy of
the measurement technique developed by Harman and Logan for the measurement of the ab-
solute values of the thermoelectric power and thermal conductivity. The method is
fully outlined in their report.(R'I) The method involves the use of the Peltier heat
to maintain a temperature gradient across the specimen. The measurement of this gra-
dient, the voltage across the specimen, and the ac resistivity allows the calculation
of the absolute value of the thermoelectric power and the thermal conductivity.

The purpose of the analysis was to determine what the temperature generated by
thermoelectricity at the ends of the specimen would be in terms of that with no radi-
ant heat loss. The radiant heat loss will tend to lower the temperature difference.
At the operating temperatures involved in this project, this radiant heat loss was
considered to be a problem.

Only the effect of the heat radiated radially on the accuracy is considered here.
The analysis of Harman, Cahn & Logan in a forthcoming article in the Journal of Applied
Physics includes the radiant heats from the ends of the sample as well as the radial
thermal conductivity drop. Another cause for lower accuracy lies in the assynmetry of
the parameters of the conduction paths leading away from the sample. Symmetrical de-
sign should reduce this error. This error could also be reduced by reversing the di-
rection-of current in the sample, and taking an average of the two readings.

Ordinarily the radiant heat losses at normal room temperatures will barely affect
Wk the accuracy of measurement. If the sample is long and thin, the accuracy is impaired.

As the temperature is raised the problem of reduced accuracy becomes important. Radia-
tion shielding reduces the problem.

Radiation shielding is used to cut down the radiation loss between bodies of dif-
ferent temperatures. Since we have one body at a different temperature at the two

L ends, the thermal conductance of the shield is of importance. For instance, take as

one extreme a shield with zero conductance. In this case there will be no flow of heat

along the shield, and the heat will leave the shield on the outer side. At equilibrium
the heat leaving will equal that entering at every point on the shield, so that it will
be maintained at some intermediate temperature. In the other extreme the shield has
infinite conductance. Now the temperature along the shield will be uniform. Since all
the radiation heat entering or leaving from the non-uniform sample will be conducted

along the shield it will assume the average temperature of the sample. Since there is
a uniform temperature distribution along the oven on the far side of the shield, no
radiant heat will flow out. An infinite conductance shield will thus effectively short
circuit the heat flow and any other shields outside it will have no added effect in re-
ducing the radiation loss.

A straight silver shield only one mil thick is effectively one of infinite con-
ductance, so that only one such shield will be needed. Much the same is true of anynatallic shield. It is thus of importance that it be chosen of as low emissivity as
possible.

(R-1) T.C. Harman & M.J. Logan; Technical Report No. 1 on Special Measurement Techni-
S~ques for Thermoelectric Materials with Results for B12Te3 and Alloys with B12Se3. Bat-

Stelle Memorial Institute. June 1, 1958.
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The problem of infinite .conductance may be met by using either an extremely thin
coating of metal on a low conductivity material or by winding the metal in a spiral
so that its effective conductance is reduced. It will probably have to be supported
on some low conductivity material, such as quartz or a ceramic. Just changing the
thermal conductance of the shield will result in cutting the loss due to radiation
almost as much as the introduction of the conducting thermal shield.

The thermal shield should be as near the sample as possible. In deriving the
equations it has been assumed that radiation only flows radially and the Christiansen
equation holds. This equation indicates that radiation to an outer surface is reduced
when that surface is close and of less than unity emissivity. When the lengthwise com-
ponent of radiation is taken into account, it is found that this is even more true.
The temperature difference at any point on the shield will be reduced by-this sidewise
flow of radiation as it will then see points on the sample that are of less temperature
difference on the average. As the shield is moved closer to the sample, any point on
it will not be able to see the other places on the sample, so that the lengthwise com-
ponent of radiation is lower, and the temperature difference resulting will not be re-
duced as much. Since a temperature difference will occur only when the conductance of
the shield is low, this effect of proximity will be of large importance only when the
special shield structure is used.

Balancing Shield

A shield can be built that will be theoretically perfect if heat were supplied
to one end while it was extracted from the other, so that each point on the sample
could only radiate to a point on the shield of the same temperature. In fact it would
be necessary only to have the same temperature gradient along the shield as along the
sample. The constant difference in temperature between the shield and sample would be
supplied by the conduction of heat along the symmetrical input leads, which would re-
sult in no change in the junction temperatures. The uniform temperature distribution
in the shield can be supplied by a heater at one end. In this case it would be desir-
able to have as thick a shield as possible, so that any radiation from the shield to
the oven wall would be of little effect.

In otder to determine what temperature gradient the shield would be held at, its
temperatire at the points just opposite the ends of the sample should be measured,
while the overall length of the shield is longer than that of the sample. In order to
eliminate any tendeney for "bootstrapping", the heat introduced should only be enough
to bring the shield temperature gradient to a point Just below that of the sample.
Otherwise one would not be sure that the shield itself were supplying the gradient in
the sample by radiation.

The loss of heat by radiation between the sample and the surrounding oven is of
importance in the application of the "Z" meter technique to the high temperature
(1000 0 C) measurement of the figure of merit of thermoelectric materials. The effect
of this radiation is to lower the temperature difference produced in the thermoelectric
material by the current flow.

The first situation analysed is that where the sample radiates directly to the
oven along its length. A cross-sectional view of the sample and oven is given in Fig-
ure R-5.
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Figure R-5

Cross Section of Oven and Sample

In any differential length of the sample there will be three heat flows. There
will be the flow of heat in one direction along the axis of the sample due to thermal
conduction. There will be the flow of heat in the opposite direction set up by the
thermoelectric forces at the Junctions. Finally there will be the outward flow due
to the radiation. End effects or radiation from the ends of the sample will be ne-
glected. We assume equilibrium conditions are established.

'The thermoelectric heat in the sample at point x = - /2 or x = L2 will be
• , •~q . I e CC:' R l

I
and will be zero elsewhere.

The thermal conduction heat flow will be different leaving the section dx thanI that entering, and we have

qc"- ,Asa d- (,R-2)

I

This difference dqc will be balanced by the radiation loss dqr so that

d2 0
dqr dqc" A - d (K-4)r c sas a 2
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Now some assumptions must be made to get the radiation loss in a simple form.
Most of the work in this line has been with two bodies which have uniform temperature
throughout. In this case the oven can be assumed to have a uniform temperature 0.,
but the sample wi11 have an as yet unknown temperature that differs from this by the
value e (x) at any point x.

7lb equation of the net radiation of heat transferred from an inner body to one
that surroundr it is given by the Christiansen equation

l A1 (A, (R-5

e =2 A (2

If we take any cross-section of the sample and shield dx thick, and assume that this
equation holds between the inner sample and the outer oven, and the sidewise flow of
radiation is neglected, thenI 9. + E) -4 o4]

dqr- e sa POa [. +x (R-6)
+ sa _sa

Since 0<, GO, then

dqr 4 wa 0 psa O o 3 dx (R- 7
1+ 1'sa 6 sa

+

Comparing equations (1-4) and (R-7) gives

Sd20 4 a' P_,_ (8ao)
K A d0 G8)(R-8)
Ssa . 2 1 ."a L1--1

sa Po Le. 0 1

The solution of this differential equation is of the form

G.A uinhP( + B cosheG (R-9)

where
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S3a
/• 4• Psaeo 0

For the boundary conditions we return to Ow value of the thermoelectric heat gener-
ated at the Junctions and equate it to the conduction heat.

z10ocX - K,- A d
I80 ma ma dx

-K sasa A coshp + B s inh1

when )L-- - /i2,: /2

From this we find

B- 0

I e (R-12)
p -A csh AI /2

Sthen

i~~ s~•inhF

If the radiation losses approach zero, P-+ 0, and the temperature at the ends would
be that expected from the thermoelectric effect

" e0( tam PA /2- (R-14)

K A!I p sKA~a"

21a sa
S0o

2K ls Asa

Substituting this value into (R-13) gives

Ou cosh 72

and the end temperature would be
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j 6 tanhA /2 (R- 16)

The ratio of the resulting end temperature to that without radiation becomes

ee tanh 2
R - -(R- 17),

Shield Effects

When a shield is interposed between the sample and the oven, we must not only
account for the reradiation of heat from this shield, but also for the conduction of
the heat along the shield. The shield is considered as floating, attaining someS~equilibrium temperature with respect to radiation. The radiation between the shield

and the oven is

I sh (40o3 (sh)
dqsh' P dx (R-18)

6 sh o -o

while between the sample and the shield

cP 4E)03 ol
dq a sa L sh sa dx (R-19)

1a 1
.+ s1a , 1

S•sa Psh s

The differential conduction along the shield is
V

d sh

dqish ' -Ksh 2- rsh Wsh) dx2 dx (R-20)

while that along the sample is

.2 n

- a 2 dKsa dx (R-21)
disa--Ka wsa x2

ma

if we let

OPsh (4E 3)
0m "h 0(R-22)

1 %'h Il
Ssh PO0
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.

02 I " Psa, (R-23)

sa sh sh

then

dq sh 0 1I () sh dx (R-24),

dq 02 (esh,- 9sa) dx (R-25)

The heat balance equations become

d 2osh

01 sh+ 02 (esh sa) lshAsh - (R-26)

d 2o

0 [A -2s (R-27)
: J2 ((•sa "Osh) a& z sa d2

from (R-27)

sa sa [A

G ab E sa 02 dx 2(R-28)

JNow let

0('R-29)
IK

2 2/€ (R-30)[ Asa sa

A - 02,(R-31)

then

d4  s d2 (-32)

dx4  2 dx 2 1 2 sa

The roots of the auxiliary equation are
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p - 1/2' [ (1 +•)+ +(2 " (i +D + 2) 4 1 2 (2-33)

let

1ln/2 [l(l + (l ~+ 4ý (- 1)

e2 1/2 [ 1('+ + 2 1 (R-35)

The form of the solution is then

sa - Asinh? +) +A cosh.1I'P + B sinh 21( + B~ cacsh P k(R- 36)

We can prove that, similarly to the no shield case, Ac - Bd - 0, and therefore

sa -A sinh + B sinh P2(R-37)

The boundary condition in the sample is the same as before for the no shield
case

dsa

dx when -/ (R

In the shield the difference between the heat radiated from the sample to the
shield and that radiated from the shield to the oven over the hot half of the sample
is equal to the heat conducted along the shield at its center. ThusI0

*;2L (e sa - sh)" Sl sh :-%-sh sh j(-39)
which can be rewritten as

- [6~~ea-eh~eh dx- .K (R-40)
sh) dx
10s

Substituting.o F2

f'i /~I [ A hlh + 2 - B sinh 2  -
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Lot ;2

rl--2 (R-42)

r 2  2 - ý22 (R-43)

Then

;12 r - 1 ) A sinhy 1 $+ 2 
2

- r 2 )B sinh 2 ¾] ýl dx-0/2

- r, ?1 - r 2 2 B(R-44)

[~ - 1 Acosh 1 B+ cosh~ 2 )
S" -,1/2

r 22- B (R-45)

(,?2 ri2  2 r]
2ý? 21

A 11___ - cash / A 2 ] + ý 2(R46

1,l-cosh ? 2 .. /2j] -lA r2ýB(-6

AI + 2 l I+R2 [6 22 2~j ( -w (R-47)
2 r 1 )1

2 + ýl -J1 r, 1 w 1)

[ where

r 2 = cosh 2 k/2 (R-48)

" If we let this expression be equal to D, then we can return to the other boundary con-
dition expressed by equation (R-38) and substitute the value of the derivative obtained
from equation (R-37) so that
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This expression can be solved for B, and the value of A can be solved from equa-
tioni (R-48). The ratio of the resulting end temperature to that without radiation
becomes

R - 6 = D .iD-+ w (R-50):
8 iWl D +ewl P 2 w2 )

This is also the ratio of the actual thermal conductivity to indicated thermal
conductivity. It can be seen that the solution of this formula from the physical pa-.
rameters is rather involved with the substitution of several intermediate terms. Some
simplification can be made in -this intermediate work if the terms involving temperature
were first removed from these terms. We then would have the following expressions.

+h Psh

020= sa (R-52)

sa Psh sh

10 , 0 10K (R-53)
20 1•0/ K shA

0= (R-54)

sa sa

/- O (R-55)

010

= 12 ~l~+~~2 + 0~O~ 2 - 4@lo 2 o(R-56)o2 1/2 • [ lol + + ý20 - 0o+ ol + ) + 2 -

2= /22(- + +lO2 (R-58)

r20 20 - 20 (R-59)
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The relationship between these terms and their counterparts are

0 = 0 (Ro -60)

02 ' 02o0o ?2 = ý206o
Sl = •l~o• rl= r0o

ý . ý20( o03 r 2 ,. r 2 0o3

Results Based on Formulas

Based on the above formulas, the ratio of actual to indicated thermal conductiv-
ity was calculated for several cases. They were based on use of a sample which had
the following characteristics. It is rectangular with a square cross-section 1/4
inch on a side and 2 inches long. The thermal conductivity is assumed to be I x 10-2
watts cm- 1 deg-1 . The oven wall is assumed to have unity thermal emissivity.I The results of varying the emissivity of the sample and the shield location, ma-
terial and thickness are shown in Figure R-1. Several results stand out in the fig-

t ure. At room temperatures the radiation loss is only-of importance when there is no
shield with a sample of unity emissivity. Unfortunately, most materials will have
nearly this high an emissivity. When the thermal conductivity is as low as considered
here, shielding should be used even at room temperatures. If it is possible to lower
emissivity by polishing, or coating in any way that does not limit the other proper-
ties, it should be done.

The help due to low emissivity of the shield is of importance. This is especially
true when the experiment is to be done with a high emissivity sample. Clean silver is
better than platinum and since it is possible to carry out the experiment in a non-
corrosive atmosphere, it is the best to use.

It was found by comparing thickness of the silver shield that there was very lit-
tle change in efficiency when the shield thickness was changed from 1 mil to 100 mils.
However when the shield was reduced in thickness to 0.1 mils or 0.001 mils, there was
an increase in efficiency. In practice such a thin shield could not be made as it
would be transparent and would probably not have the low emissivity of a thicker and
smoother shield. However one way to approach it would be to wrap a silver ribbon
around a tube that did not have good thermal contact between windings. In this way a
lower thermal conductivity would result. The fact that the thickness of the shield
is of importance is a consequence of the fact that the surface of the bodies involved
are not of uniform temperature.

Table of Symbols

A Area of. inner surface
1

A2  Area of outer surface

A Cross sectional area of sample
sa

D Ratio A/B
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Table of Symbols- (continued)

I Current in sample

Ksa Thermal conductivity of sample

K sh Thermal conductivity of shield

Length of sample

Po Perimeter of oven

SPsa Perimeter of sample

Psh Perimeter of shield

q qc Thermal conduction heat

q Thermal radiation loss

q sa Thermal radiation from sample to shield

q sh Thermal radiation from shield to oven

R Ratio of temperature

r1 Defined by equation (R-42)

r2, Defined by equation (R-43)

r10 Defined by equation (R-58)

r Defined by equation: (R-59)
20

r sh Radius of shield

w I Defined by equation (R-48)

w2 Defined by equation (R-48)

w Thickness of sample
sa

w Radial thickness of shieldsh

X Distance along sample

dqisa Differential thermal conduction along sample

dqs Differential thermal conduction along shield

CC •Thermoelectric power

1 Defined by equation (R-29)
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Table of Symbols - (continued)

2 Defined by equation (R-30)

•10 Defined by equation (R-53)

•20 Defined by equation (R-54)

Defined by equation (R-31)

0 Emissivity of oven

E• Emissivity of inner surface

E 2 Emissivity of outer surface

sa Emissivity of sample

sh EmissiviLy of shield

Defined by equation (R-10):

Defined by equation (R-34)

2 Defined by equation (R-35)

20 Defined by equation (R-57)

I10 Defined by equation (R-56)

01 Defined by equation (R-22)

420 Defined by equation (R-23)

10 Defined by equation (R-51)

0 c20 Defined by equation (R-52)

CY- Stefan Boltzmann constant

E 'Temperature

IL Temperature of oven

1, 1 Temperature of inner surface
2 Temperature of outer surface

E) Temperature at end of surface

S@P Defined in equation (R-14)

sal Differential Temperature of sample
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Table of Symbols - (continued)

sh Differential Temperature of shield

Since the results of the analysis of Jules Cahn have been available, a calcula-tion has been made of the loss in a sample having a configuration of radius to length

similar to that in the Battelle experiments and with silver shielding and taking into
account radiation from the ends. The results are shown in Figure R-6 for several

values of thermal conductivity.

The analysis by Cahn in the forthcoming article mentioned above is more complete

in that it takes into account several additional effects. However, this work points

I out some facts about radiation shielding not covered by that analysis. Due to the

high thermal conductivity of most materials suitable as low emissivity shields, they

will act as thermal short circuits for the different temperature set up. Thus there
will be no advantage of having multiple shields.

WP.
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SECTION III: HIGH TRIEPATURA FACILITY FOR MEASUREMENT OF , KAND S

INTRODUCTION

Z. It is desired that the equipment be designed to accommodate a single sample in
such a manner that all data can be obtained during one temperature cycle from room
temperature up to a maximum of 1000•C. As some of the materials to be tested are not
suited to the imbedding of temnpe-rature and potential probes arid to prevent the pos-

Ssibility of any contamination from welding, sparking or metallizing, it is preferred
that the measurements be obtained thru pressure contacts applied to the end faces of
the test specimen.

The measurement of the Seebeck thermoelectric effect, S, does not affect the de-
sign requirements as much as the wide range of electrical resistivities, , and
thermal conductivities, K, to be covered, that is

Electrical Resistivity,. 10 x 10-6 to 10 ohm-CM

K = Thermal Conductivity, 0.005 to 0.3 Watt-CM2 /0M-OC

ASSUMPTIONS

It: is assumed that in general the same instrumentation and techniques applied in
the measurements at normal room temperature are sufficiently accurate and applicable,
therefore, we are concerned here only with those factors directly relating to high
temperature and its associated heat losses, A review of the subject revealed the li-
mitations of various possible methods and indicated that 'in order to realize the
practicability of a high temperature facility a compromise must be made between the
accuracies obtainable in the electrical resistivity and thermal conductivity measure-
ments and that certain assumed conditions prevail. This study therefore is being
made with the following assumptions:

a. That all test specimens will be to a given size within reasonable tolerance.

b. Dimensional stability will be obtained from measurements made at room tem-
perature before and after the temperature cycle.

c. End faces will be smooth and samples suitable to withstand pressure contacts.

d. That measurements will be made in vacuum so that heat transfer by conduction
and radiation only need be considered.

e. Data compiled from steady state conditions at successive increasing incre-
ments of temperature will provide the desired information on efficiency and charac-
teristics of the material.

ANALYSIS

Electrical Resi6.ivi.,

The factors involved here are current distribution, application of potential
probes and dimensional measurements. The only one of these which is directly related
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to temperature is that of dimensional measurement and for which no means is provided
for determining the temperature coefficient of expansion.

As shown ill Vigure R-8, provision is made for resistance measurement using the
four lead method so that contact resistance doe.3 not enter directly into the measure-
ment. The a-c bridge current can be supplied to the platinum contact end plates by
using the thermocouple elements Tl and T3. Small platinum faced pressure contact po-
tential probes P1 and P2 are also shown which make contact only at the center of the
face of the test specimen.

The resistivity, T2, at temperature T2 is obtained from:

9T2 =RT2 LA

where

R resistance at temperature T2

A - cross sectional area of sample

L = length of sample between points P and P2
T +T 1 T3•/T = mean sample temperature,

Current distribution is a function of pressure and surface contact resistance, the

relation for which is shown in Figure R-9.

In determining a convenient sample size the above indicates that A should be as
small as practical. This is. not in accord wijh the requirements for te measurement
of thermal conductivity so, as a compromise, T - 2 was chosen and is the scale to
which Figure R-8 is drawn.

Thermal Conductivity UK

Time Response

The time required to attain a temperature and establish temperature equili-
brium at a point becomes a major factor in determining the accuracy obtainable. allow-
able drift and number of temperature intervals that can be obtained on a sample within
a reasonable period of time.

When a temperature has been attained the electrical resistivity measurement can
be made as soon as the temperature is reasonably well stabilized. For the thermal con-
ductivity measurement it is then. required that a temperature difference be set up
across the test specimen and the, heat flow measured by means of the reference unit.
This can be done by means of the' heater built in the reference unit as shown in Figure
R-8 and by adjustment of the center tapped furnace winding. The time required to es-
tablish equilibrium conditions will depend primarily upon the properties of the mater-
ial of the test specimen and upon its dimensions.

Materials having a low thermal conductivity will respond more slowly so, based on
the lower limit of 0.005 watt-cm2 /cm-OC gives from
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1' SAMPLE-

GUARD RING---

VACUUM CHAMBER

FURNACERFREC
WINDING r 4T 1UI

GUARD T
HEATER- FURNACE
UPPER 9p---00WL

GUARD
HEATER_____
LOW ER

10 CM -

Figure R-8: Electrical Resistivity Measuring Device Excluding

Contact Resistance Measurement.
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S• 5L2

S .5L= 3 minutes

where

"Cc = time constant, 63% of final change

L = length of specimen, I cm

.5 Fourier's No. for thin slab for Y .37

CL Diffusivity, thermal conductivity .005 .17

Sdensity 

x sp. heat .03

The above, of course, represents maximum, value and normally a faster time re-
sponse can be expected. The time required to establish equilibrium is frola 4 to 5 c
thus giving 15 minutes which seems reasonable. The only variable is L and reducing
this dimension would improve the time response but for reasons explained below it is
not advisable to increase the ratio of A

Method of Measurement

For the measurement of thermal conductivity at high temperatures on samples
of a size not particularly suited to this type of measurement, it has been found that
a comparative type of measurement is most suitable. With this method it is not neces-
sary to determine heat flow by measurement of power input. Instead a standardized
reference unit is used.

The thermal conductivity (K) of the sample is then defined by

K=T q L
TI - T3 A

where

q = heat flow, watts

A = area sq. cm of sample

T - T3 = temperature, diff. °C across esprle

L = length between TI and T3 (CM)

determine q from reference unit by

q = k (T4 - T1)

where

k = constant (watts)

T - TI = Temperature diff. PC across reference unit
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therefore

,K k Tk
T - T3 A

when area of sample and reference unit are equal as, shown in Figure R-8, k for the
reference unit is determined by standardization with materials of known conductivity.

In the comparative method one of the most important factors is that of heat
transfer which relates to heat flow thru the sample relative to that thru the refer-
ence unit.

The other factor is the thermal resistance between the two contact plates and the
surfaces of the sample; this will be referred to as the thermal contact resistance.

jesn Factors

Heat Transfer

Inasmuch as the measurements are being made in vacuum the radial heat
transfer from an isolated sample, as shown in Figure R-8, is entirely by radiation.
Figure R-8 shows the guard ring method which provides a convenient means of keeping
these losses to a minimum. An upper and lower heating unit are provided on the guard
ring and thermocouples are attached directly opposite those on the contact plates on
the sample. By means of individual heat control the thermocouples can be equalized
so that

T1 = Tlg and T3 = T3 g

The necessity for equalization of these temperatures becomes exceedingly import-
ant at the higher temperatures due to the increase in heat transfer by radiation as
shown in Table R-1 below.

TABLE R- !

RADIATION HEAT TRANSFER COEFFICIENT (hr)

e 1

.Temp. °C W/cm2 - °C

500 .011
600 .015
700 .021
800 .029
900 .036

1000 .05

The following are calculations based on a test specimen I cm in length, 1.6 cm
diameter and a- guard ring constructed of a material such as zirconium, having a con-
ductivity Kg = .008, emissivity 0.4, I.D. 2 cm, O.D. 6 cm
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A

q =KA (T 1 "T 3 )

where

q = axial heat flow thru specimen, watts

K = thermal conductivity of sample

A = cross sectional area, 2 sq. cm

L = length of test specimen, 1 cm

T I and T = degree C

T T
- 2, 2w

1 1 + R2 + R3

where

q = radial heat flow from specimen, watts
r

T2 = specimen, mean radiation surface temp. 0C

T = furnace wall, mean temp, °C T0 w +0 T3w

R I = thermal radiation resistance specimen to guard I where A radiat-
ing area, 5 sq. cm

I
R2 = thermal resistance of guard ring 1 where A = mean area to radialg

K --
gL

g
heat flow, 12.5 sq. cm and Lg = length to radial heat flow, 2 cm

gI

R = thermal radiation resistance, guard to furnace wall 19 x 4 hr at
IOOOC for T2 - T2w = 1

q = 0.038 watts

giving

T2 - T2 g = .038 R= .15°C

Tg -T = .038 R .750C29. 4g 2

g 2w .038 R= .100C

where

T2 g = mean temp. 0C. inner surface of guard
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iT

T mean temp.. C outer surface of guard

4g
Axial heat flow qa is a function of TI - T3 , therefore for reasonable accuracy of mea-

surement a value of at least 5 is desirable and a value of more than 50 would probably

be undesirable. The following table gives values of qr /qa for a range of values of

7T - T3 for test specimens of various values of K based on the above radial heat trans-

fe7kfor a 10C difference between specimen and furnace wall at I000°C of 0.038 watts.

K= .005 K .02 K= .3

T T T, q q /q q qt /q qa q /q

1 3a r a a ra. r___ a_

5 .05 .76 .20 .19 3.0 .013

10 .10 .38 .40' .09 6,0 .006
20. .20 .19 .80 .05

25 .25 .15 L.00 .04
50 .50 .08

The data above can be used as a guide in determining the most suitable test con-
ditions to obtain the desired accuracy on a particular sample. Heating units are pro-

vided on the guard ring and with a suitable control circuit it should be possible to
I'obtain a temperature equalization between specimen and guard so that in most cases

only rough control of the furnace heater will be necessary.

Thermal Contact Resistance

As defined under Method of Measurement, the conductivity of the speci-
men is determined from temperature T1 - T 3 . These temperatures are actually the tem-

perature of the contact plates between which the specimen is mounted and therefore
these contact resistances are included along with the thermal resistance of the speci-

men, Ordinarily when measuring insulating materials and high pressures are premis-
sible, the surface contact resistance is so low that it is negligible relative to the

high resistance of the specimen. Although a majority of the materials with which we

are concerned in this project may fall within this class the desired range of measure-
ment does extend to as high a conductivity as 0.3 watt-cm2 /cm°oC.

The k for the reference unit used in this high conductivity range would be ob-
tained from measurements on a standardized specimen under similar conditions and would

therefore include these contact resistances. Should the conditions during a measure-
ment be different from those for which the reference unit, k, was obtained, the con-
tact resistance may be different. An estimate of the magnitude of the effect of such
variables is therefore desirable.

The factors affecting thermal contact resistance per unit area I/hc, are surface
smoothness, hardness of materials, contact pressure and temperature.

The surface of the specimen should be relatively smooth and even so that a uni-
form contact pressure will be obtained over the whole area. The contact plates can

be of platinum, which will withstand the high temperatures and is a relatively soft
material which is a desirable property for low contact resistance at low pressures.

Pressure should be applied to the reference unit in such a manner that the contact:
plate can align itself with the face of the specimen.
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Contact pressure is probably the most important factor for in the low pressure
range, less than 10,000 grams/sq:. cm, the contact resistance decreases quite rapidly
with increase in pressure. This is shown, in Figure R-9 along with the change in elec-
trical contact resistance vs,. pressure.

At high temperature in vacuum no deterioration of the surfaces or other effects
at low pressures are expected that would affect the contact resistance. Voids 're-
sulting from roughness however produce minature spaces across which, in a vacuum, heat
transmission can be by radiation only. At temperatures above 500 0 C Table R-1 shows
that this becomes quite a factor as rather efficient heat transfer takes place al-
though there is no physical contact. Should it be suspected that the szurface of a
particular sample is questionable, then measurements made at low temperature in air
before evacuating could verify this by indicating lower contact resistance due to the
conductivity of the air filled voids between the surfaces.

The following is a table calculated from probable contact resistance data at
room temperature as taken from Figure R-9. The effect of various pressures on the
contact resistance as related to the conductivity of the specimen is shown as

h

1
K

where,

h- thermal contact resistance, sq. cmOC/watt
c

K = thermal resistivity of specimen, cm2 (°C)/watt (cm)

TABLE R-2

EFFECTIVE PRESSURE ON CONTACT RESISTANCE.

K = .005 K = .02 K= .3

Pressure 2 2/i/i -/l/K 1I/K
KG/_C_ 2 hc // hc hc

.5 4.5 .045 .18 2.7
1.0 4.0 .04 .16 2.4
2..0 3.4 .034 .13 2.,0
3.0 2.9 .029 .12 1.8

From the shape of the curves in Figure R-9 and from the above data it is readily
seen that a minimum contact pressure of .5 to I kg/cm2 should be used. At this pres-
sure when measuring specimens with a K as low as .005 the sum of the two contact re-
sistances is only 4% of that of the specimen and a change in pressure of 2 to 1
amounts to only .5% which, in most cases, can be considered negligible.

Up to values of K = .1 a change in contact pressure of 2 to 1 may change the con-
tact resistanceby as much as 10% of that of the specimen so that for good accuracy
higher pressures are desirable and greater care taken to obtain reproducible results.
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koL , Lcý- wiýth a K = .'3 each contact represents a theixal resistance equal
to about that of the L ± -e- . .. ' M i~ . Increasing the fontact pressure to 10 or
20 kg/cm would give some improvement, but .. iy I, idfl t.- aoma -mechanical problems.. It
is to be noted under 11eat Transfer that where E = .3 the n.,', flow qa is at a maximum
and the radiation losses are at a minimum. For greater accuracy in this range there-
fore, there are several modifications that could be considered such as

1. Omit the guard ring if necessary and iimbed or weld thermocouples directly to
the side of the specimen at two definite positions, The distance between them would
then be considered as the dimension L.

2. Materials coming within this range would probably be metallic and could be
welded, brazed or plated to provide lower contact resistance.

3. Measure the temperature at probes PI and P2.

4. Greater length could be required for these specimens.

Reference Unit

Standardized reference units will be provided having known values of
thermal conductivity. As shown in Figure R-8, there will be a built-in heating unit
and two thermocouples, TI and T4,. As mentioned under Thermal Contact Resistance, a
platinum contact plate would be desirable. The TI thermocouple leads will also pro-
vide a means' of current connection to the contact plate for the resistance measure-
ment.

In order to adequately cover the wide range of thermal conductivity measurements
it is desirable that two or possibly three reference units of various values be used.

Standard samples will be required which will be constructed of materials having
known thermal conductivities. For accurate calibrating purposes these should be of
the same dimensions as test specimens, thus providing an accurate substitution method.
Materials having known thermal properties to within about tlO% are available which are
suitable for this purpose.

Seebeck Thermoelectric Effect

Provision is made for setting up a temperature difference across the sample by
means of the heating unit built into the reference unit. Platinum potential probes,
P1 and P2 , connecting the two faces are provided for measuring the thermoelectric
voltage. The temperature difference is determined from T1 - T3.

Heat losses are of no significant importance in the measurement of the Seebeck
voltage, therefore the measurement techniques employed at the low temperatures are
adequate.

DISCUSSION

An analysis of the various factors pertaining to the measurement of O , K and S
on test specimens in the temperature range 25 to 1000°C has been presented. Based on
the general requirements certain assumptions have been made and in general the only
factors considered here are those relating to heat transfer and design requirements
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for high temperature operation.

Thie analysis revealed several fe•.ures that are desir-ab,- " ,gh 4-,t.... *.xz
facility and Figure 1-8 is an outline showing the general ar -L ip,• z naij fvii

tures required. At high temperatures adequate shielding .- . " y r• niri.,d
ation is essential and is accomplished by means of the guard z'itg , ,
While this method can be applied to test specimens of various size,.:. rx 'ta•ent dis--
cussion has been limited to a test specimen of one specific size a 9,.,e r too
difficult to obtain. Provision is made so that all measurements c. b,,. 'o - i
means of pressure contacts as mounted in position within a vacuun ,

The accuracy of measurement of the electrical resistivity at high temperatures
should be of the same order of magnitude as that obtainable at low temperatures on a
specimen of comparable size as temperature only and not beat transfer is involved.

Thermal conductivity measurements are dependent upon the measurement of tempera-
ture, temperature differentials and associated heat transfer. On the size samples
considered, it is shown that temperature equilibrium could probably be obtained wichin
about fifteen minutes after having established a temperature level. Standardized re-
ference units, the constant of which has been predetermined, will be used for the
measurement of heat flow thru the test specimen. More than one such reference urit
will be required in nrder to adequately cover the wide range of conductivities. It
is expected that the constant for these reference units can be determined to wit in
about ±10% for given conditions.

The radiation heat transfer and thermal contact resistance effects have been
considered with respect to their effect on the measurement as they pertain to .he
maximum and average values of the thermal conductivity range. With adequate control
of the guard ring heater it should be possible to attain equilibrium temperatures
such that the effect of radiation losses should not amount to more than 2 or 3%.

Thermal contact resistance in the low conductivity range is shown to be a negli-
gible factor. For test specimens of high thermal conductivity falling in the range
of .1 to .3 W/cm2 OC/cm the contact resistance under some conditions can app?.oach or
exceed that of the test specimen. Extreme care would therefore be essential t..) at-
tain reasonable accuracy as the test conditions should exactly reproduce those under
which the reference unit was standardized. Should it be found that greater accuracy
is desired in this range, several modifications have been proposed, one of-which
would involve a change in the size of the testspecimen.

The measurement of the Seebeck thermoelectric effect is made at high tempera-
tures in the same manner as it is obtained at the low temperatures and, depends only
upon the accuracy of the voltage measurement and the temperature difference across
the sample.

I, -
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